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ABSTRACT 
 
 
Invasive Phragmites australis Management in Great Salt Lake Wetlands: Context  
 
Dependency and Scale Effects on Vegetation and Seed Banks 
 
 
by 
 
 
Christine B. Rohal, Doctor of Philosophy 
 
Utah State University, 2018 
 
 
Major Professor: Dr. Karin M. Kettenring 
Department: Watershed Sciences 
 
Phragmites australis, one of the most widespread and ecologically impactful 
invasive wetland plants in North America, is heavily managed, but limited scientific 
evidence is available to inform management decision-making.  We conducted two five-
year Phragmites management experiments (3 treatment years, two years of additional 
monitoring) at two spatial scales (small 1,000 m2 plots and large 12,000 m2 plots) to 
assess Phragmites and native plant responses to multiple treatments.  Both experiments 
were conducted at multiple sites to understand how environmental factors and site 
context can influence plant community outcomes.  The treatments evaluated in the large 
patch study were 1.) untreated control 2.) fall glyphosate, winter mow, 3.) summer 
imazapyr, winter mow, 4.) summer glyphosate, winter mow.  The small patch treatments 
included 1-4 above plus 5.) summer mow, fall glyphosate, and 6.) summer mow, then 
black plastic solarization.  We evaluated treatments for their influence on Phragmites and 
native plant outcomes in the context of environmental factors.  We sampled the seed bank 
iv 
 
 
to evaluate the richness and density of seed bank species across environmentally variable 
sites, and the influence of treatments on seed bank composition.  Fall herbicide 
treatments were more effective than summer treatments for Phragmites removal, but 
native plant recovery was highly variable across sites, predominately due to differences 
in soil moisture.  Phragmites seed banks differed across sites, which likely contributed to 
variability in plant community recovery following treatments.  Summer treatments 
limited Phragmites inflorescence production, but this did not result in an immediate 
decrease in Phragmites presence in the seed bank.  Phragmites seed bank densities were 
reduced after three treatment years, while native seed bank densities were unaffected.  
Treatment outcomes differed across patch scale: Phragmites reinvaded more quickly in 
large patches while native plants recolonized at a greater magnitude in small patches.  
These differences related to differing environmental conditions and landscape contexts 
across scales.  Large patches had deeper flooding, more hydrologic disturbance in the 
landscape, and fewer surrounding native plants, which likely limited native plant 
recruitment.  To maximize plant community outcomes, managers should first manage 
Phragmites patches in less disturbed sites with more surrounding native plants and 
reduced hydrologic disturbance.   
(207 pages) 
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PUBLIC ABSTRACT 
 
 
Invasive Phragmites australis Management in Great Salt Lake Wetlands: Context  
 
Dependency and Scale Effects on Vegetation and Seed Banks 
 
Christine B. Rohal 
 
Invasive plants can outcompete native plants, replacing diverse plant communities 
with monocultures, which can negatively impact the whole ecosystem.  One invasive 
plant, Phragmites australis, has invaded wetlands across North America.  In Utah’s Great 
Salt Lake, it has greatly reduced the area of native plants that are important habitat for 
migratory birds.  Here we describe experiments that assess multiple treatments for 
Phragmites removal and evaluate the return of native plants after Phragmites 
management.  The treatments were applied to Phragmites patches at two scales (small 
1/4-acre plots and large 3-acre plots) and across multiple sites to evaluate how patch size 
and environmental differences can influence the plants that return after Phragmites 
removal.  The treatments (applied over 3 years and monitored two more) compared two 
different herbicides (glyphosate and imazapyr) and different herbicide and mowing 
timings.  The treatments evaluated in the large patch study were 1.) untreated control 2.) 
fall glyphosate, winter mow, 3.) summer imazapyr, winter mow, 4.) summer glyphosate, 
winter mow.  The treatments evaluated in the small patch study included treatments 1-4 
above plus 5.) summer mow, fall glyphosate, 6.) summer mow, then black plastic 
solarization.  In the small patches, we also monitored the seeds in the soil to assess how 
Phragmites management treatments can change the densities of Phragmites and native 
seeds.  Fall glyphosate treatments were superior for Phragmites cover reduction.  After 
the initial treatment, summer herbicide and mow treatments reduced Phragmites seed 
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production, while fall glyphosate did not.  Phragmites seeds were plentiful in the soil but 
were reduced following three years of all herbicide treatments.  Native plant recovery 
following Phragmites management was extremely variable across sites.  Sites with high 
soil moisture had better Phragmites removal and more native plants.  But when flooding 
was deep, native plants were rare.  Native seed density in the soil did not change due to 
Phragmites management, but soil seed densities were different across sites, which 
influenced native plant recruitment.  Phragmites was removed more effectively and 
native plants returned in greater numbers in small patches compared with large.  This was 
because small patches were typically near established native plant communities, which 
likely provided more native plant seeds and had hydrology that was less disturbed by 
human activity.  In sites where native plants do not return after Phragmites management, 
practitioners may need to try revegetation with native plant seeds to restore important 
native plant communities.   
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CHAPTER 1 
INTRODUCTION 
 
Invasive species are a major driver of global environmental change (Vitousek et 
al. 1997, Mack et al. 2000), threatening native biodiversity, ecosystem functioning, and 
economic interests (Myers et al. 2000, Pimentel et al. 2005). Invasive plants are 
specifically problematic because they can reduce the diversity of the plant communities 
they invade (Hejda et al. 2009) and alter ecological processes including disturbance 
regimes (Hobbs and Huenneke 1992, Mack and D’Antonio 1998), succession pathways 
(Titus and Tsuyuzaki 2002), and nutrient cycling processes (Ehrenfeld 2003).  Natural 
resource managers spend significant money and effort attempting to manage or eradicate 
invasive plants (Pimentel et al 2005).  Yet despite recent strides in invasion biology and 
improvements in management techniques, examples of successful transitions from 
invaded communities to native plant assemblages are relatively rare (Kettenring and 
Adams 2011 and references therein).   
Scientific research on invasive species has expanded considerably in recent 
decades (Puth and Post 2005) but has been criticized for being disconnected from the 
needs of practitioners (Anonymous 2007, Hulme 2011).  In particular, researchers have 
placed greater emphasis on quantifying the problem rather than detailing solutions 
(Hulme 2006).  The need for improved integration between invasion science and 
restoration has been widely noted (Clewell and Rieger 1997, D’Antonio and Meyerson 
2002, Young et al. 2005, Hobbs 2007).  In the absence of experimentally verified 
methods, the restoration of invaded areas is often informed by trial and error or anecdotal 
advice (Adams and Galatowitsch 2006).  To guide effective restoration, replicated, multi-
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site experiments that test multiple strategies for removing invasive plants and promoting 
native plant regeneration are necessary (Flory and Clay 2009, Flory 2010).   
The current body of applied invasive species research has a number of 
shortcomings including (1) limited spatial scales (2) short temporal scales, (3) little 
attention paid to the response of native communities, and (4) inadequate evaluation of the 
influence of environmental context on management outcomes (Kettenring and Adams 
2011).  I focus on each of these points here.  First, many invasive removal experiments 
take place at small scales (i.e. in mesocosms or within small plots etched into 
experimental fields; Flory 2010).  The application of these studies may be limited, as 
results found at small scales do not necessarily apply at the site or landscape scale at 
which many restoration actions take place (Erskine Ogden and Rejmánek 2005).  Second, 
the short temporal scale of many invasive plant management experiments limits their 
relevance to restoration needs (Blossey 1999).  Few management experiments are 
conducted over multiple growing seasons and few are monitored for more than two years 
post-treatment (Adams and Galatowitsch 2006, Flory 2010, Kettenring and Adams 2011).  
The restricted time frame of such studies limits their applicability to restoration, as long-
term results can differ from initial findings (Blossey 1999, Reid et al. 2009).  Reinvasion 
often follows after the invader cover is significantly reduced (Petrov and Marrs 2000, 
Turner and Warren 2003), which makes numerous years of follow-up management 
treatments and long-term monitoring vital in invasive species restoration experiments. 
Third, though invasive species management goals are often to restore native plant 
assemblages, most invasive plant management experiments focus solely on the response 
of the invader to the treatment, while few measure the response of target native plant 
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species (Zavaleta et al. 2001, Reid et al. 2009, Kettenring and Adams 2011).  In studies 
that have measured plant community response to invasive plant management, a variety of 
responses have been recorded including recovery of native plant communities (Jäger and 
Kowarik 2010), the new dominance of a different invasive (Reinecke et al. 2008), and the 
elimination of the remaining natives (Rinella et al. 2009).  While multiple treatments 
might work in removing an invader, these same treatments can impact resident plant 
communities differently (Mason and French 2007, Flory and Clay 2009).  And fourth, 
invasive plant management experiments are often conducted out of their environmental 
context, or at limited sites, which limits our understanding of the context dependencies of 
treatment outcomes (Kettenring and Adams 2011).  Some studies have found that 
treatments have varying results in invader cover reduction and native plant return across 
sites due to different environmental conditions and land use histories (Stewart et al. 2008, 
Flory 2010).  Experiments need to be conducted within an ecological context, at large 
scales and across many sites to account for the full range of environmental variability 
where an invasive species occurs (Stewart et al. 2008, Flory 2010).   
Managers of invasive species must make intervention decisions in complex 
landscapes and with limited financial resources (McGeoch et al. 2016).  Managers seek 
the best management tools for invader removal and native recruitment, yet often it is 
variability associated with the site that can most influence these restoration outcomes 
(Suding 2011; Brudvig et al. 2017).  Thus, in addition to evidence-based guidance on 
treatments for invasive plant management, managers need research that guides them on 
how site characteristics influence treatment outcomes (Long et al. 2017b).  With an 
understanding of the factors that promote and constrain restoration responses, managers 
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can target sites that have the greatest opportunity for successful outcomes with minimal 
inputs or can plan for increased management interventions in sites with more constraints 
(Suding 2011).  The site factors that can influence restoration outcomes are diverse, 
including site history, the abiotic environment, native and invasive plant propagule 
availability, and landscape context (such as proximity to undisturbed vegetation or human 
development) (Brudvig 2011).  In addition, the scale of the treated patch can have 
implications for treatment effectiveness and plant community assembly following 
management (Brudvig 2011; Quirion et al. 2017). Understanding the relative influence of 
these varying factors on restoration outcomes for specific invasive plants is integral for 
prioritizing sites and planning cost-effective management.   
One invasive plant that has received considerable attention for management and 
restoration is Phragmites australis (Cav.) Trin ex Steud (i.e. common reed, hereafter 
called Phragmites), a widespread wetland grass with a global distribution (Kettenring et 
al. 2012; Eller et al. 2017).  Though native to North America, Phragmites has become a 
recent dominant of wetland plant communities after the arrival of an invasive lineage 
(Saltonstall 2002).  Considered one of the most invasive plants in North America, 
Phragmites populations are expanding rapidly in coastal and inland regions throughout 
the country (Chambers et al. 1999, Kulmatiski et al. 2011).  A highly opportunistic 
invader (Silliman and Bertness 2004, Kettenring et al. 2012), Phragmites thrives in 
disturbed environments and once established, can spread rapidly (Howard and Turlock 
2013).  Phragmites is known to be a habitat-modifying organism (Amsberry et al. 2000), 
because it enhances rates of sediment accretion (Rooth et al. 2003), impacts hydrology 
(Chambers et al. 2012), reduces light availability and marsh surface temperatures (in part 
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through litter; Holdredge and Bertness 2011), and modifies nutrient cycling regimes 
(Meyerson et al. 2000).  A primary concern is Phragmites’ ability to outcompete native 
vegetation (Chambers et al. 1999, Meyerson et al. 2000) and displace habitat leading to 
declines in faunal biodiversity (Dibble et al. 2013).   The detrimental effects associated 
with Phragmites invasions have led to an increased interest in its management (Rapp et 
al. 2012).   
Restoration of Phragmites invaded systems is a priority across North American 
wetlands.  Over a five-year period, managers nationwide reported spending over $4.6 
million per year to treat ~80,000 ha of Phragmites-invaded wetlands (Martin and Blossey 
2013). Despite such efforts, quantitative evidence for the effectiveness of Phragmites 
management efforts, particularly in their capacity to meet the goal of restoration to native 
plant communities, is lacking (Hazelton et al. 2014).  Managers often do not have the 
funds, staff, or time to effectively monitor treated areas.  Researchers have rarely 
implemented Phragmites management experiments that monitor the long-term response 
of the invader and resulting plant communities to address this gap in knowledge.  In 
addition, experiments comparing multiple Phragmites management methods replicated 
across sites are surprisingly sparse given the breadth of the Phragmites problem 
(Hazelton et al. 2014).  Without experiments informing the effectiveness and non-target 
effects of multiple treatments, management can lead to routine use of inappropriate 
methods (Flory 2010), which can have lasting negative effects on the ecosystem.  Well-
designed Phragmites management experiments are needed to better inform on-the-ground 
decisions. 
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Numerous methods of Phragmites management have been attempted including 
hydrologic control through flooding, mechanical control through mowing and disking, 
and chemical control using non-specific herbicides (Hazelton et al. 2014).  Herbicides are 
often favored because they are inexpensive, easy to implement in large areas, and 
potentially more effective at killing off the belowground roots and rhizomes (i.e., 
underground stems; Kiviat 2006).  The most commonly used herbicide is glyphosate 
(Hazelton et al. 2014), but recent attention has been placed on imazapyr, which is more 
effective than glyphosate at reducing Phragmites cover in a previous study (Mozdzer et 
al. 2008). Both glyphosate and imazapyr are post-emergence, non-selective herbicides 
with a mode of action that interferes with amino acid synthesis (Colquhoun, 2001).  
Glyphosate interferes with the EPSPS enzyme which regulates the production of three 
amino acids, while imazapyr interferes with the acetolactate synthase (ALS) enzyme 
(Colquhoun, 2001).  Imazapyr is slowly degraded by microbial metabolism (it can remain 
available in the soil up to 5 months) and can be absorbed by plants roots, which makes it 
potentially damaging to non-target native species. In contrast, glyphosate degrades 
quickly (12 days to 10 weeks) and is only absorbed through leaf tissue so it is less likely 
to affect non-target plants (Tu et al. 2001).  Comparing the effectiveness between these 
two herbicides is important, particularly in their effect on native plant recovery, which 
has not been assessed in previous comparative studies (Mozdzer et al. 2008).   
The timing of herbicide application is another essential factor influencing 
Phragmites cover reduction and restoration effectiveness.  Herbicide is most often 
sprayed in the fall, as the label recommends, which is often effective in terms of reducing 
non-target effects on neighboring native species that go dormant before Phragmites 
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(Mozdzer et al. 2008).  However, it is highly problematic in light of new evidence that 
Phragmites spreads primarily by seed, as opposed to rhizomes that were long thought to 
be its primary mode of dispersal (Kettenring and Mock 2012).  Treatments that have the 
potential to impact Phragmites before seeds are produced need to be tested alongside the 
traditional fall spray method.  Herbicide alone is rarely an effective removal method, as 
the standing dead Phragmites biomass remains intact and shades the marsh surface for 
years following management treatments, inhibiting the establishment of native 
vegetation.  Managers typically use burning or mowing before or after herbicide to 
accelerate litter decomposition. 
Phragmites has been a problematic invader in the coastal wetlands of the 
Northeastern United States for more than a century and has been heavily studied in this 
ecosystem (Saltonstall 2002). In comparison, Phragmites is a recent invader to wetlands 
in the Intermountain West and has been minimally studied in this region (Kulmatiski et 
al. 2011; Kettenring et al. 2012).  Phragmites has rapidly expanded its range into 
wetlands in Utah specifically, notably those surrounding Great Salt Lake (GSL), and now 
occupies over 93 km2 at GSL alone (Long et al. 2017a).  Before the research described in 
this dissertation was initiated, a survey of Utah wetland managers was conducted to 
understand managers current Phragmites management programs, identify their 
Phragmites managment uncertainties, and detect key constraints that inform management 
decision-making (Rohal et al. 2018).  From this survey, we learned that Utah Phragmites 
managers primarily used herbicide for management treatments, but were uncertain about 
the best type of herbicide and timing of herbicide application (Rohal et al. 2018).   In 
addition, Utah managers reported that fire is rarely an option for biomass removal, due to 
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air quality concerns, so mowing is the best alternative for accelerating the decomposition 
of huge quantities of dead Phragmites (Rohal et al. 2018).  Managers reported wide-
ranging differences in the amount of Phragmites in different regions of the Great Salt 
Lake watershed, from small scale initial invasions to large well-established stands (Rohal 
et al. 2018).  These different scales of invasion may require different tools for Phragmites 
management and could have differing outcomes even when using the same methods. 
With results from this survey in mind, we conducted two simultaneous 
experiments in GSL wetlands at two different spatial scales to inform the restoration of 
Phragmites-invaded wetlands.  These experiments primarily evaluated the plant 
community responses of different Phragmites herbicide treatments that varied in the type 
and timing of application. To address the limitations in invasive species restoration 
experiments discussed previously, these studies were designed to reflect both the spatial 
and temporal scales at which Phragmites management actually takes place, and to pay 
close attention to the response of native species to treatments.  In both studies, treatments 
were replicated at multiple sites to better understand the context dependencies of 
management outcomes.  The small patch study evaluated treatments in 1,000 m2 plots 
(approximately 0.25 acre).  This scale represents an initial invasion, which many argue is 
the optimal stage to direct invasive species management efforts (Taylor and Hastings 
2004, Puth and Post 2005).  The large patch study (initiated by Cranney 2016) tested 
treatments in 1.2 ha plots (12,000m2, approximately 3 acres).  This scale represents well-
established invasions.  Treatments were conducted in three consecutive years (2012-
2014), reflecting the most common management sequence used in Utah, and plots were 
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monitored each year.  Follow-up monitoring was conducted for two additional years in 
2015 and 2016. 
This dissertation describes a wide range of plant community outcomes from these 
experiments. In chapter 2 – Invasive Phragmites australis management outcomes and 
native plant recovery are context dependent – we describe plant community outcomes 
from treatments enacted at the small scales.  Here we evaluate the response of 
Phragmites and native plants to multiple management regimes, the influence of 
management treatments on Phragmites seed production, and the effect of variable 
environmental conditions on plant community outcomes.  In chapter 3 – Abiotic and 
landscape factors constrain invasive Phragmites restoration outcomes across spatial 
scales – we compare plant community results following Phragmites management 
treatments conducted at two spatial scales.  We further evaluate the relative influence of 
four factors (Phragmites patch scale, management decisions, abiotic conditions, and 
landscape context) on plant community responses following Phragmites management.  In 
chapter 4 – Invasive Phragmites australis seed bank density declines after three years 
of management, while native plant seed bank communities are resilient to change – 
we investigate the seed banks of the small Phragmites patches studied in chapter 2.  We 
specifically evaluate the impacts that different Phragmites management treatments have 
on the seed bank, as well as the influence of site-based differences in seed bank 
composition on aboveground plant recruitment following management.  The research 
described in this dissertation can guide the selection of Phragmites management tools 
that have the greatest benefit for Phragmites removal and native plant restoration.  
Results can also help managers plan and prioritize management intervention of both 
10 
 
 
small and large Phragmites patches, at different sites with varying environmental 
conditions and landscape contexts. 
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CHAPTER 2 
INVASIVE PHRAGMITES AUSTRALIS MANAGEMENT OUTCOMES AND NATIVE 
PLANT RECOVERY ARE CONTEXT DEPENDENT 
 
Abstract 
The outcomes of invasive plant removal efforts are influenced by management 
decisions, but also the uncontrolled spatial and temporal context of management areas.  
Phragmites australis is an intensively managed invasive grass across North America, but 
management options have been understudied, and the ecological contingencies of 
management outcomes are poorly understood.  We implemented a large-scale, five year, 
multi-site experiment to evaluate six Phragmites management treatments: 1) summer 
glyphosate spray, followed by a winter mow; 2) summer imazapyr spray, winter mow); 
3) fall glyphosate spray, winter mow; 4) summer mow, followed by a fall glyphosate 
spray; 5) summer mow then cover plots with heavy-duty black plastic (i.e., a solarization 
treatment); and 6) untreated control.  We evaluated treatments for their influence on 
Phragmites and native plant cover, and Phragmites inflorescence production, and 
assessed plant community trajectories and outcomes in the context of environmental 
factors.  All herbicide treatments significantly reduced Phragmites cover, but fall 
herbicide treatments produced the most consistent results across sites and years.  Summer 
herbicide and summer mow treatments greatly reduced Phragmites inflorescence 
production.  Native plant recruitment was low following initial treatments due to the 
dense litter left behind by mowing.  After five years, native plant recovery was highly 
variable across sites.  Returning plant communities did not resemble reference sites, but 
remained in an alternative state with higher species richness but lower ecological value.  
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The variation we observed across sites was driven by hydrology; plots with higher levels 
of soil moisture saw a greater reduction in Phragmites and more robust recruitment of 
native plants.  The summer mow, fall glyphosate spray treatment resulted in the best 
combination of Phragmites reduction, inflorescence reduction, and opportunities for 
native plant recruitment.  Nevertheless, the large degree of variability we observed 
following all treatments suggests the outcomes of Phragmites management are highly 
context dependent.  Large-scale, multi-site studies are essential for understanding the 
contingencies of invasive plant management outcomes, which can inform more targeted 
prioritization and planning. 
 
Keywords 
contingency, herbicide, invasive plant management, Phragmites australis, restoration, 
Utah 
 
Introduction 
The outcomes of ecosystem restoration following invasive species management 
are highly influenced by spatial and temporal contingencies (Stewart et al. 2008; Suding 
2011).  Therefore, making usable management prescriptions is often impossible without 
detailed analysis of these contingencies.  The broad range of many plant invasions—
because many invasive plants are generalists—can lead to divergent outcomes of even the 
same treatment across ecological situations, particularly in native plant recovery 
following management.  The factors attributed to variable results in removal experiments 
are widespread, from broad-scale climatic differences (Le Duc et al. 2000), to small-scale 
patterns in soil conditions (Eviner and Hawkes 2008, Gornish and Ambrozio dos Santos 
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2016).  But many attribute restoration failures to problematic sites, instead of assessing 
critically why management responses are variable across sites, and incorporating lessons 
learned from this variability into management prescriptions (Eviner and Hawkes 2008).   
Multi-site experiments can help researchers understand the context dependencies 
in the success of invasive plant removal efforts (Cox et al. 2008, Stewart et al. 2008), yet 
many previous invasive plant management studies have taken place in mesocosms or a 
single experimental field, limiting our understanding of the environmental influence on 
treatment outcomes (Flory 2010).  By expanding the geographic range of sites that 
receive the same management regime, researchers can link constraints, such as abiotic 
conditions, land-use history, and landscape setting, with trajectories following invasive 
plant management (Suding 2011).  These multi-site experiments can help managers 
prioritize sites that are likely to reach restoration goals following the removal of the 
invader, or plan for more intensive intervention at sites that have more constraints 
(Suding 2011).  For results to be more broadly applicable, multi-site experiments should 
be conducted at the spatial and temporal scales at which management takes place 
(Kettenring and Adams 2011).  Results found from common small plot experiments 
(~1m2 plots) may not translate to the landscape scale, particularly regarding the recovery 
of native plant species (Erskine Ogden and Rejmánek 2005).  Larger plots allow for 
interactions with the surrounding landscape and ensure that the treatments being tested 
are feasible and cost-effective for managers who typically treat invasive plants at larger 
scales (Kettenring and Adams 2011).  Few previous management studies have been 
conducted over multiple growing seasons, or monitored for more than two years post-
treatment (Flory 2010; Kettenring & Adams 2011), limiting their applicability to 
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restoration, as long-term results can differ from initial findings (Petrov & Marrs 2000; 
Reid et al. 2009).   
One invasive plant that is of great to concern to land managers across North 
America is Phragmites australis (Cav.) Trin ex Steud (i.e. common reed, hereafter called 
Phragmites), a widespread wetland grass with a global distribution (Kettenring et al. 
2012; Eller et al. 2017).  Though native to North America, Phragmites has expanded 
rapidly into coastal and inland wetland plant communities after the introduction of an 
invasive lineage (Saltonstall 2002).   A primary concern is Phragmites’ ability to 
outcompete native vegetation (Meyerson et al. 2000)  and displace habitat leading to 
declines in faunal biodiversity (Dibble et al. 2013).   Despite large financial investments 
in its management (Martin and Blossey 2013), quantitative evidence for the effectiveness 
of Phragmites management efforts, particularly in their capacity to meet the goal of 
restoration to native plant communities, is lacking (Hazelton et al. 2014).  Phragmites 
thrives across wide environmental gradients within wetlands (Burdick & Konisky 2003; 
Meyerson et al. 2016), but most management studies have been conducted across few 
replicate sites, which limits our understanding of the context dependencies of treatment 
responses.   
Herbicide is the most widespread tool used for Phragmites management, with 
glyphosate the most common, and imazapyr a more recent, but more expensive option 
(Martin & Blossey 2013).  Others have sought non-chemical Phragmites management 
options to minimize environmental impacts, like solarization, but these strategies have 
not been rigorously evaluated.  Managers have revealed uncertainties about the most 
effective type of herbicide, as well as the best timing of herbicide application for both 
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Phragmites removal and native plant recovery (Rohal et al. 2018).  Imazapyr was more 
effective at Phragmites removal in some studies (Derr 2008, Mozdzer et al. 2008), but 
there are questions about its long-term impact on native plant recovery due to its longer 
persistence in the soil, and ability to be adsorbed by plant roots (Hazelton et al. 2014).  
Summer applications were equally, if not more, effective than fall applications at 
Phragmites removal in short-term management studies (Derr 2008, Mozdzer et al. 2008).  
Yet questions remain about the longer-term influence of herbicide timing on Phragmites 
return after management, and on native plant recovery, which may have fewer impacts in 
the fall when native plants begin to senesce.  Managers often use mowing to reduce the 
dead Phragmites biomass that impedes native plant recruitment, particularly where 
burning for biomass management is not feasible, but the timing of mowing (before or 
after herbicide application) may have implications for herbicide effectiveness and litter 
degradation speed. The timing of herbicide application and mowing may also influence 
Phragmites inflorescence production, important because Phragmites reproduces 
prolifically by seed (Kettenring et al. 2011; Kettenring and Mock 2012).   Given these 
uncertainties in Phragmites management, we developed a multi-site, large-scale, multi-
year experiment with these research questions: 1.) What are effective treatments for 
reducing Phragmites cover? 2.) Which treatments limit Phragmites seed production? 3.) 
What are treatment impacts on native plant communities? 4.) How do environmental 
factors influence treatment effectiveness? 
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Materials and Methods 
Study sites 
This study was conducted in wetlands on the eastern shore of the Great Salt Lake 
(GSL), Utah.  Dominant native vegetation includes Typha domingensis, T. latifolia 
(cattails), Bolboschoenus maritimus (alkali bulrush), Schoenoplectus acutus (hardstem 
bulrush), S. americanus (common threesquare), and Distichlis spicata (saltgrass) 
(Downard et al. 2017).  Phragmites began to invade GSL wetlands after floods in the 
1980s (Rohal et al. 2018) and now occupies more than 93 km2 in the region (Long et al. 
2017).  We selected six sites in this region that (1) spatially span the wetlands of the 
GSL, incorporating a broad range of environmental conditions typical of these wetlands 
and (2) include broad representation of land owners on the GSL (Fig. 2.1) to ensure 
research relevance to management. 
 
Experimental design 
We established five 20m x 50m experimental permanent plots containing dense 
Phragmites at each site, placed at least 20m apart to avoid herbicide drift between plots.  
Plot locations were ≥75% Phragmites cover, unmanaged for at least five years, and 
accessible by managers and their equipment.  We established one 20m x 50m reference 
(REF) plot in native vegetation at each site that best represents a target plant community.  
We determined target plant communities following interviews with the head managers, 
who considered their assessment of typical hydrology, nearby vegetation, and previous 
vegetation in that area (if known).   
We evaluated six Phragmites management treatments: 1) summer glyphosate 
spray, followed by a winter mow (SGWM); 2) summer imazapyr spray, followed by a 
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winter mow (SIWM); 3) fall glyphosate spray, followed by a winter mow (FGWM); 4) 
summer mow, followed by a fall glyphosate spray (SMFG); 5) summer mow then cover 
plots with heavy-duty black plastic (i.e., a solarization treatment) (SMBP); and 6.) 
untreated control (CONT).  We randomly assigned each treatment to a plot (n=30) at five 
of six sites, such that all six treatments were replicated five times, in a randomized 
balanced incomplete block design.    
 
Treatment application 
We applied herbicides in the initial treatment using equipment that varied with 
land management partners, but care was taken to ensure equal application rates across 
sites (appendix 1).  We completed follow-up treatments using backpack sprayers.  We 
sprayed herbicides on sunny, non-windy days to minimize herbicide drift, following 
manufacturers’ recommended application rates.  We mowed Phragmites stems, mulched 
the biomass (to prevent resprouting from viable nodes in summer and to accelerate 
decomposition after winter mows), and left the debris on site.  For the solarization 
treatment, we placed black plastic (6 mils; 12m by 30m rolls) over recently mowed 
Phragmites, in July 2012, and secured it until April of the following year, when it was 
permanently removed.  We applied all herbicide treatments first in 2012, and conducted 
follow-up herbicide treatments in 2013 and 2014.  We conducted summer herbicide and 
mow treatments in early July, fall herbicide treatments in late August, and winter mow 
treatments in January through March.   
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Data collection 
We monitored vegetation in treatment plots annually starting with pre-treatment 
data in June 2012 and post-treatment in June 2013-2016.   We monitored reference 
vegetation annually in June 2014-2016.  We stopped monitoring the black plastic 
treatment plots following the 2014 summer due to the rapid return of Phragmites, 
evidence of a failed treatment.  Our systematic vegetation sampling design included four 
permanent, evenly-spaced transects with four, evenly spaced 1m2 quadrats along each 
transect.    
We determined percent cover by ocular estimation in each 1m2 quadrat using 
modified Daubenmire cover classes (<1%, 1-5%, >5-25%, >25-50%, >50-75%, >75-
95%, >95-100%) using a single observer to ensure consistency.  We identified plants to 
the species level using Flora of Utah (Welsh et al. 1993), and up-to-date nomenclature 
was determined using USDA PLANTS database (http://plants.usda.gov). 
For each plot in each sampling period, we determined species richness and 
adjusted floristic quality assessment index (adjusted FQAI), an evaluation metric that 
estimates habitat quality.  Adjusted FQAI uses a measure of ecological conservatism 
(coefficient of conservatism or mean C-value) and a variant of the FQAI score that 
considers both the contribution of non-native species, and the intrinsic low species 
richness of some high-quality wetlands, like GSL (Miller and Wardrop 2006; Downard et 
al. 2017).  The adjusted FQAI score was calculated as: 
Adjusted FQAI= (
𝐶
10
√𝑁
√𝑁+𝐴
) x 100 
where C is the mean C-value, N is the number of native species, and A is the number of 
non-native species per plot.  We used C-values developed for other semi-arid, Western 
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states and evaluated for applicability in Utah to calculate the mean C-value for each plot 
in every sampling period (Menuz et al. 2016).   
We collected data on flowering rates (inflorescences per m2) in each 1m2 quadrat 
during the peak of Phragmites flowering season in the fall, following all herbicide 
treatments.  We sampled flowering rates in 2012, 2013, 2014, and 2016.  In 2014, we 
collected inflorescences from each plot to determine seed production and seed viability 
following each treatment.  We collected eight inflorescences on each transect at 2m 
intervals.  We weighed each inflorescence after removing its thick internal stem.  We 
weighed two spikelet subsamples of two representative inflorescences from each plot, 
from which all florets were counted and averaged by plot.  We counted all seeds from 
each subsample and placed them for 24 hours in a 0.1 tetrazolium solution (Peters 2000).  
We counted viable seeds to determine the number of viable seeds per subsample mass, 
which was then multiplied by the average inflorescence mass per plot to estimate seed 
output.   
To assess the soil conditions in each plot, we took four soil samples, one at the 
midpoint of every transect in June 2012 and 2014.  We used a 7.62cm diameter auger to 
collect a 30cm deep sample of mineral soil after measuring and removing the o-horizon.  
At the USU soil analytics lab, the samples were assessed for pH and electrical 
conductivity (Rhoades 1982), available phosphorus (Olsen NaHCO3 method), and 
organic matter (Walkley-Black method).  Total nitrogen (TN) was assessed in 2012 soils 
by continuous-flow direct combustion and mass spectrometry (CF-IRMS) by the Stable 
Isotope Lab at Utah State University.  In 2014, we sampled nitrate-N and ammonium-N 
by placing soil subsamples into a 2 M KCL solution in the field, which were then shaken 
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and filtered that day.  We froze the extracts until they were processed on a Lachat flow 
injection auto-analyzer (Lachat Chemicals, Mequon, Wis.).  We calculated gravimetric 
soil moisture content for all years by measuring a 100-150 gram subsample weight before 
and after it was dried in a drying oven for 24 hours at 105C.  We measured water depth 
and litter depth at every quadrat during vegetation sampling.  To characterize flood level 
in each plot, we collected four elevation points at the ends of the first and last transect in 
each plot using real-time kinematic (RTK) satellite navigation, which we refined using 
OPUS correction, and averaged. 
 
Data analysis 
We analyzed separately response variables of Phragmites cover; native, non-
invasive perennial cover; adjusted FQAI; species richness; and litter depth using linear 
mixed effect models (two models, see below) with repeated measures in JMP version 
13.1.0 (SAS Institute).  Because the black plastic treatment was only monitored through 
2014, we fitted two separate randomized, balanced, incomplete block repeat measures 
ANOVA models for each response variable.  The first statistical model included the fixed 
effects of treatment (CONT, SMBP, SGWM, SIWM, FGWM, SMFG) and year (2013, 
2014).  The second model included the fixed effects of treatment (CONT, SGWM, 
SIWM, FGWM, SMFG; i.e. SMBP excluded), and year (2013, 2014, 2015, 2016).  All 
models included site, and the interaction of site with treatment and with year as random 
factors.  For response variables in statistical analyses, we used the mean over all 
subsamples within each plot at each sampling period to avoid pseudoreplication (Hurlbert 
1984).  Pre-treatment (2012) data are shown in figures but we excluded them from 
analyses because there was minimal variability among plots, and minimal correlation 
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between pre-treatment and post-treatment values.  To best meet the assumptions of 
normality and homogeneity of variance, we excluded the control treatment from the 
Phragmites and perennial cover models, transformed Phragmites and perennial percent 
cover using the logit of the proportion, and log transformed litter and species richness 
data.  We analyzed log transformed inflorescence production (inflorescence/ m2) using a 
linear mixed model ANOVA with repeated measures with treatment and year (2012, 
2013, 2014, 2016) as fixed factors and site as a random factor.  We transformed seed 
viability data from 2014 using a logit transformation, and analyzed these data using a 
mixed-effect model with treatment (CONT, SMBP, SIWM, SGWM, FGWM, SMFG) as 
the fixed factor and site as the random factor.  For analyses without evidence of 
interaction of treatment and year, we used Tukey post-hoc means comparison tests to 
control family-wise Type I error (α=0.05).  For analyses with significant interactions, we 
used contrasts for pertinent comparisons.  Means and standard errors presented in figures 
are descriptive statistics calculated directly from the raw data.   
We performed two non-metric multi-dimensional scaling (NMDS) ordinations 
using the package vegan (Oksanen et al. 2015) in R 3.3.1 (R Core Development Team 
2016).  In the first ordination, we sought to visualize plant community trajectories over 
years 2014, 2015, and 2016 (i.e. when reference data were collected) in herbicide 
treatment plots relative to the untreated control and the target reference communities. In 
the second ordination, we sought to describe the influences of environmental variables on 
assembling plant communities, and the response of plant guilds within the herbicide 
treated plots in 2016, the final monitoring year.  We correlated axes scores of both 
NMDS ordinations to guilds of the plant assemblages, environmental characteristics, and 
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dominant species using Pearsons’s correlation.  We conducted a two-way (with factors 
treatment and year) permutational MANOVA (perMANOVA) (Anderson 2001), with 
sites as the strata within which to constrain ordinations using data as in the first 
ordination.  We also ran one-way perMANOVAs with the 2016 data to determine the 
influence of site and treatment on plant community composition.  We conducted 
perMANOVA analyses in R package adonis using 999 permutations with Bray-Curtis 
distances to test for significant differences between plant communities.  We assessed 
Pearson’s correlations between Phragmites cover, native perennial cover, and 
environmental metrics in the grouped herbicide treated plots (Miller et al. 2006).  We 
grouped herbicide plots because we did not see significant differences in plant 
communities based on treatment. 
 
Results 
Phragmites cover 
All herbicide treatments reduced Phragmites cover, but were not significantly 
different from one another (Table 2.1, Fig. 2.2).  Phragmites cover was lowest in 2013, 
following initial treatments, but increased over time across all herbicide treatments, with 
less variability in fall treated plots.  The summer mow, black plastic treatment resulted in 
greater Phragmites cover than the herbicide treated plots in 2013 and 2014 (Table 2.1, 
Fig. 2.2).   
 
Phragmites seed production 
A significant treatment × year interaction was found for Phragmites inflorescence 
production (Table 2.2, Fig. 2.3).  Following the initial 2012 treatments, all treatments 
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with summer mowing or summer herbicide significantly reduced inflorescence numbers.  
The fall glyphosate, winter mow treatment did not significantly differ from the control 
(Table 2.2).  In 2013 and 2014 follow-up treatment years, all herbicide treatments had 
fewer inflorescences than the control.  The viability of seeds in 2014 was not 
significantly different across treatments (F5,15= 1.22, P =0.34), though sample size was 
limited for summer imazapyr and summer mow, fall glyphosate due to limited 
inflorescence production in those treatments (Fig. 2.3).  In 2014, output of seeds per 
meter squared was reduced by orders of magnitude between herbicide treated plots and 
the control (Fig. 2.3).   
 
Native plant recovery and litter depth 
Litter depth was highest in 2013 across all treatments and significantly lower in 
the summer mow, fall glyphosate treatment (Table S.2.1, Fig. S.2.4).  All herbicide 
treatments led to increases in native perennial plant cover, but they did not differ 
significantly (Table 2.3, Fig. 2.4).  Perennial plant cover was lowest in 2013, but 
increased significantly by 2015.  Native annual plant cover was minimal across all 
treatments (data not shown).  Species richness was not significantly different across 
herbicide treatments (Table 2.3, Fig. 2.4), nor was the adjusted floristic quality 
assessment index (Table 2.3, Fig. 2.4).   
Plant community composition in herbicide treated plots was significantly different 
than both the control and the reference plots (Fig. 2.5, PERMANOVA F(5,87)=7.02, 
p=0.001, R2=0.29).  Plant communities in 2014 were significantly different than they 
were in 2016 (Fig. 2.5, PERMANOVA F(2, 90)=1.84, p=0.01, R
2=0.03).  NMDS Axis 1 
represented a gradient from Phragmites-dominated communities to native perennial 
28 
 
 
communities dominated by graminoids (Fig. 2.5, Table 2.4). NMDS Axis 2 represented a 
gradient from native bulrushes to annuals, while Axis 3 was driven by water depth (Fig. 
2.5, Table 2.4).   
 
Environmental influences on assembling plant communities 
We evaluated the influence of site, treatment, and environmental factors on plant 
communities from the herbicide treated plots in 2016.  Communities did not differ 
significantly by treatment (PERMANOVA F(3,16)=0.56, p=0.64, R
2=0.09), but were 
different by site (PERMANOVA F(5,14)=3.84, p=0.001, R
2=0.58), and showed separation 
by site in the NMDS ordination (Fig. 2.6). NMDS Axis 1 primarily represented a 
hydrologic gradient, from higher moisture to dry, which was reflected by a gradient of 
obligate emergent plants to opportunist annuals (Table 2.5).  Axis 2 represented a 
gradient from Phragmites dominated communities to communities dominated by native 
perennials (Table 2.5).  Soil moisture and o-horizon depth were positively correlated with 
this axis, which indicates an association between wetter plots and greater native perennial 
cover and less Phragmites cover.  This finding was reflected in the consistent negative 
Pearson’s correlations between Phragmites cover and soil moisture and o-horizon depth, 
and the positive relationship between Phragmites cover and elevation over time (Fig.2.7).  
Pearson correlations between native perennials and environmental metrics showed a 
consistent negative relationship between perennials and phosphorus, nitrate, and water 
depth, and a positive relationship with o-horizon depth (Fig. 2.7).   
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Discussion 
Though Phragmites is one of the most studied plant invaders in North America 
(Meyerson et al. 2016), and seen as a model species for understanding what makes 
invasions successful (Eller et al. 2017), published data on the outcomes of Phragmites 
management is minimal, and where present is limited by short time frames and small plot 
sizes (Hazelton et al. 2014; Quirion et al. 2017).  In this large-scale, multi-site, five-year 
study, we found that multiple herbicide treatments (summer and fall applications of 
glyphosate and summer imazapyr) can significantly reduce Phragmites cover, but fall 
applications were more consistently effective across sites and years.  In the initial 
treatment year, summer mowing and summer herbicide application greatly limited 
Phragmites inflorescence production, while fall herbicide application did not, which 
suggests that impacting Phragmites in summer can reduce the propagule pressure from 
Phragmites seeds in treated areas and beyond.  Native plant recruitment was minimal in 
the first few years following all herbicide treatments because of the dense litter layer 
resulting from mowing Phragmites, but increased as the litter degraded.  Nevertheless, 
returning plant communities did not resemble reference sites, which suggests that treated 
areas will have reduced ecological functions.  Phragmites cover and native perennial 
cover were highly variable across sites, particularly in the final monitoring year, which 
indicates that success in the restoration of Phragmites-invaded wetlands is context 
dependent.  Sites with higher levels of soil moisture resulted in plant communities with 
less Phragmites cover and more native perennials, which suggests that site hydrology 
plays an important role in treatment effectiveness and early plant succession, and should 
be considered in Phragmites management planning.   
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Phragmites management outcomes are more variable following summer herbicide 
applications 
 
Managers struggle to identify effective treatments to manage Phragmites, despite 
enormous research efforts quantifying the mechanisms and impacts of its invasion 
(Meyerson et. al 2017).  Like previous smaller-scale studies (Derr 2008, Mozdzer et al. 
2008), we found that summer and fall applications of glyphosate and imazapyr 
dramatically reduced Phragmites cover following the initial treatment.  But with 
increased applications, and longer-term monitoring than previous studies, we found that 
fall applications resulted in more consistently low Phragmites cover across 
environmentally variable sites, and a slower return of Phragmites over time.  This finding 
is in line with herbicide label recommendations which instruct to apply herbicide in the 
fall, when absorbed herbicides can be translocated along with the carbohydrates 
Phragmites sends to rhizomes in preparation for senescence (Tu et al. 2001). And it is 
corroborated by earlier studies that found good management of Phragmites from fall 
glyphosate applications (Reviewed in Hazelton et al. 2014).  Multiple studies have found 
a better reduction in Phragmites cover using imazapyr compared with glyphosate (Derr 
2008; Mozdzer et al. 2008).  In contrast, we found no significant advantage to imazapyr 
over glyphosate using the summer applications (though we did not test a fall imazapyr 
application, which may have better results), suggesting the benefits of imazapyr may not 
justify its increased cost.  
  Invasive plants frequently reinvade management areas (Petrov and Marrs 2000), 
because they are often adept at taking advantage of the high resource availability 
associated with such disturbances (Davis et al. 2000).  Phragmites is a disturbance 
specialist (Minchinton and Bertness 2003), which likely contributed to the increase of 
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Phragmites cover we observed after management ceased.  As native plant recovery was 
slow and inconsistent across sites, Phragmites likely capitalized on the remaining 
available resources and quickly expanded its cover.  Our results highlight a need to 
continue follow-up management efforts beyond the typical three-year herbicide sequence 
to ensure Phragmites remains at a low cover, particularly where native plants (which can 
delay or prevent Phragmites reinvasion) are slow to return.  The cover of Phragmites in 
our final monitoring year was highly variable across sites, which indicates that biotic 
factors, such as competition with other plants, and abiotic factors, such as differing 
hydrologic regimes and environmental variables, play an important role in the degree to 
which Phragmites reinvades following management.   
 
Treatments differentially influence Phragmites inflorescence production 
Given the recent understanding that Phragmites uses seed disperal as a primary 
means for spread (Kettenring and Mock 2012; Kettenring et al. 2011), the reinvasion by 
Phragmites following management is likely influenced by seed-based recruitment.  
Phragmites recruitment success increases with propagule pressure (Byun et al. 2015), 
which makes reducing seed availability important for limiting Phragmites reinvasion.  
This study demonstrated that there are multiple ways to limit Phragmites inflorescence 
production—using both summer herbicide applications or summer mowing—but only 
mowing in combination with a fall glyphosate spray also had consistent multi-year 
reduction of Phragmites.  In follow-up treatment years, all herbicide treatments had very 
little inflorescence production, perhaps because the remaining Phragmites was too 
stressed from previous years’ management efforts, or represented new recruits that did 
not produce inflorescences in the establishment year.  Thus, it is most critical to mow 
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Phragmites in the summer before the initial treatment year to reduce inflorescence 
production.  Unfortunately, summer mowing has many logistical challenges including the 
difficulty of getting marsh machinery into wetlands during wetter periods and the 
potential to disrupt bird nesting, which is prohibited by U.S. Federal law (i.e., the 
Migratory Bird Treaty Act of 1918, 16 U.S.C. §§ 703-712).  High intensity summer 
livestock grazing also has the potential to reduce Phragmites inflorescence production 
(Silliman et al. 2014; B. Duncan, personal communication) and could be used in 
replacement of mowing in some management sequences.   
 
Native plant recovery outcomes vary by site, not treatment 
While invasive plant removal treatments are often selected based on the best 
method for reducing cover of the invader, treatments can have differential impacts on the 
response of the native plant community (Mason and French 2007; Flory and Clay 2009).  
We expected to see differences in native plant recruitment based on the type and timing 
of herbicide treatment, given their differing modes of action and half-lives.  Surprisingly, 
imazapyr did not restrict native plant recruitment any more than glyphosate, likely 
because its persistence in the anaerobic conditions associated with moist wetland soil is 
far lower than aerobic conditions (Wang et al. 2006).  Differences in native plant 
recovery due to the timing of herbicide application were not discernable, likely because 
of the large amount of variability across sites.  We observed non-target native plant 
mortality because of follow-up herbicide spraying in both summer and fall herbicide 
treatments, which likely contributed to the slow recovery of native plants that we 
observed. 
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 Many invasive plant management experiments fail to evaluate the response of 
native plants to treatments, yet those that do frequently describe inadequate gains in 
native plant cover, density, or biomass (Reid et al. 2009, Kettenring and Adams 2011).  
Native plant recruitment was very low across all herbicide treatments in the first few 
years of this study, likely because of the deep litter layer that remained after mowing 
Phragmites, which shaded the soil surface, and prevented the germination of seeds (van 
der Valk 1986; Kettenring 2016).  Sites that were moderately flooded saw the quickest 
degradation of the Phragmites litter (Voellm and Tanneberger 2014), which opened 
opportunities for seed germination more quickly, while litter degraded slowly in dryer 
sites.  Managers can flood sites with water control following mowing to facilitate liter 
decomposition (Rohal et al. 2017).  We observed less litter depth in the summer mow, 
fall glyphosate treatment, likely because the Phragmites biomass had a longer time to 
interact with the moist soil surface and begin to degrade.  Many managers choose burning 
to remove Phragmites biomass following herbicide management (Hazelton et al. 2014), 
which eliminates the litter that interferes with quick native plant recruitment, but has 
many logistical and air quality permitting issues which often prevent its use (Rohal et al. 
2018).   
The immediate goal in invasive removal restorations is to reestablish diverse 
native plant communities, but unfortunately, after the litter degraded and exposed the 
marsh surface to light, we saw highly variable native plant recovery across sites.  One 
major reason for these inconsistent results is related to the variability in management 
effectiveness; sites with inadequate removal of Phragmites had fewer available resources 
(light) to enable native plant establishment.  But recruitment deficiencies may also be 
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partly due to propagule limitation, which has led to poor native plant recruitment in many 
ecosystem restorations (French et al. 2011; Kettenring and Galatowitsch 2011).  While 
some studies in tidal ecosystems have found diverse native seed banks under Phragmites 
(Baldwin et al. 2010; Hazelton et al. 2017), the densities may not match non-invaded 
areas. In addition, the recruitment window of favorable environmental (especially 
hydrologic) conditions for native wetland species establishment may have been limited 
(Gabler and Siemann 2012). 
 The ultimate goal of many ecosystem restorations involving invasive species 
management is to restore the functions and services of the plant communities that were 
replaced by the invader (Ehrenfeld 2000).  Often goal plant communities that represent 
highly functioning ecosystems are identified, but invasive species management efforts 
rarely result in a transition to these target communities in the short term (Hudson et al. 
2014; Guido and Pillar 2016).  The trajectories of the assembling communities in our 
five-year experiment did not approach reference plots, but remained in an alternative 
state between control and reference conditions.  The plant communities we observed had 
higher species richness, but lower habitat quality than reference wetlands.  Our reference 
wetlands were dominated by three bulrush species that are important habitat for 
migratory birds in our region (Downard et al. 2017), an ecosystem function that is a 
dominant goal of restoration efforts by local managers (Rohal et al. 2018).  The 
assembling plant communities in our treatment plots, however, had low covers of bulrush 
species (less than 10% cover in most plots), which indicates that this goal may not be met 
without further restoration action.  Revegetation has the potential to quickly establish 
high-quality species with the functions that match restoration goals (Kettenring and 
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Adams 2011).  Revegetation also is important for increasing competition with the 
returning invader by increasing native propagule pressure (Byun et al. 2015), by 
increasing the likelihood of native establishment filling open niches through priority 
effects (Byun et al. 2013), and by overcoming recruitment limitation due to depleted 
seedbanks and distance from native propagule sources (Morzaria-Luna and Zedler 2007).  
Therefore, we recommend aggressive revegetation actions where possible because they 
are critical to plant community reestablishment and to limiting Phragmites reinvasion.   
 
Hydrology drives management success and native plant recovery 
 The ecological contingencies of treatment effectiveness for invasive removal and 
native plant recovery are poorly understood (Flory 2010, Kettenring and Adams 2011).  
Our multi-site experiment allowed us to identify that hydrology was the dominant 
variable associated with Phragmites and native plant responses following treatments.  
Phragmites cover was more effectively reduced, and stayed at a low cover after 
treatments ceased in lower elevation sites that had higher soil moisture and deeper o-
horizons (an indication of sustained flooding throughout the growing season; Reddy and 
DeLaune 2008).  The driest sites saw inadequate cover reduction of Phragmites 
throughout the course of the experiment, since herbicide uptake is disrupted when plants 
are stressed (Tu et al. 2001).  Sites with greater soil moisture also saw increased native 
perennial recruitment, likely because Phragmites was more effectively removed, which 
opened-up limiting resources, and because these conditions favored the establishment of 
wetland species.  This higher native plant recruitment also likely limited the reinvasion of 
Phragmites, particularly by seed (Byun et al. 2013).   Counterintuitively, deeper water 
was associated with higher Phragmites cover and lower native perennial cover in the 
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final monitoring year.  Deeper water likely restricted germination and establishment of 
native species, and the reinvasion of Phragmites by seed (Galatowitsch et al. 2016), but 
still allowed the expansion of remnant Phragmites rhizomes (Amsberry et al. 2000).  
These findings are consistent with Carlson et al. 2009, which found a significant 
influence of topography on Phragmites cover following management, with higher cover 
of Phragmites in higher elevation zones, and limited native plant recovery in deep water 
zones.  Managers should avoid spraying herbicide on Phragmites in higher elevation, dry 
sites until wet years when Phragmites would be less water stressed.  Sites with higher 
levels of soil moisture and sustained flooding throughout the growing season are likely to 
see better Phragmites cover reduction, but where the water depth is deep, are unlikely to 
see robust native plant recovery to compete with reinvading Phragmites.  Managers could 
use these hydrological contingencies to map management areas that are likely to have 
Phragmites removal success, and to map expectations for native plant recolonization 
outcomes and revegetation needs. 
 
Conclusions 
Applied scientists increasingly recognize that restoration outcomes are highly 
influenced by uncontrolled spatial and temporal contingencies in addition to management 
decisions, though this concept has been infrequently applied to invasive species driven 
restorations (Grman et al. 2013).  This acknowledgement has led to a call to compare 
restoration outcomes from similar approaches across sites, and to interpret the variability 
to improve prediction in restoration and inform restoration planning (Brudvig et al. 
2017).  Our multi-site study found wide variability in Phragmites management outcomes 
and native plant recovery, which indicates success in the restoration of Phragmites-
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invaded wetlands is highly context dependent.  We found that site hydrology played an 
important role in determining outcomes, but there were likely other unmeasured factors 
that contributed to divergent results such as landscape setting, site history, and age of 
invasion, which should be further explored.  A more detailed examination of how 
differing temporal patterns in hydrology influence Phragmites cover reduction and native 
plant outcomes is also warranted.  Despite high variability across sites, the summer mow 
fall glyphosate spray had the best combined benefit of Phragmites cover reduction, 
inflorescence reduction, and reduced litter depth.  The inconsistent and underwhelming 
results we found in the cover and quality of native plants following all treatments 
highlights the need to incorporate revegetation with Phragmites management in future 
research and management efforts.  The variability we observed emphasizes the 
importance of replicating invasive species management experiments across many sites so 
conclusions will not be skewed by uniquely favorable or unfavorable conditions, and the 
context of successes and failures can be understood. 
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Tables and Figures 
 
 
TABLE 2.1. Results of ANOVA tests for the effects of treatment, year, and their 
interaction on Phragmites cover. Model 1 included all herbicide treatments (SGWM, 
SIWM, FGWM, SMFG) for all post-treatment years (2013-2016).  Model 2 also included 
the black plastic treatment, but only included 2013-2014, the years black plastic was 
monitored. 
 
 
   
Model 1: herbicide treatments, 2013-2016 DF F-value P-value 
Year 3, 11.68 18.59 <0.0001 
Treatment 3, 11.61 1.69 0.22 
Year*Treatment 9, 35.08 0.56 0.82 
Model 2: herbicide treatments + black plastic, 2013-2014 
Year 1, 4.13 9.18 0.04 
Treatment 4, 15.62 6.61 0.003 
Year*Treatment 4, 15.98 1.28 0.32 
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TABLE 2.2. Results of ANOVA tests for the effects of treatment, year, and their 
interaction on inflorescence production. 
 
 DF F-value P-value 
Year 3, 14.92 0.18 0.91 
Treatment 5, 19.23 24.40 <0.0001 
Year*Treatment 15, 57.29 13.47 <0.001 
Contrasts 2012, initial treatment year 
CONT vs SMBP 1,72.72 90.80 <0.0001 
CONT vs SIWM 1,72.72 26.71 <0.0001 
CONT vs SGWM 1,72.72 22.54 <0.0001 
CONT vs FGWM 1,72.72 0.004 0.95 
CONT vs SMFG 1,72.72 31.33 <0.0001 
Contrasts 2013 +2014, follow-up treatment years 
CONT vs SMBP 1,44.62 1.38 0.25 
CONT vs SIWM 1,44.62 109.64 <0.0001 
CONT vs SGWM 1,44.62 46.81 <0.0001 
CONT vs FGWM 1,44.62 24.11 <0.0001 
CONT vs SMFG 1,44.62 77.88 <0.0001 
Contrasts 2016, two years post-treatments 
CONT vs SMBP 1,72.72 0.12 0.74 
CONT vs SIWM 1,72.72 2.75 0.10 
CONT vs SGWM 1,72.72 0.62 0.43 
CONT vs FGWM 1,72.72 0.40 0.53 
CONT vs SMFG 1,72.72 1.04 0.31 
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TABLE 2.3. Results of ANOVA tests for the effects of treatment, year, and their 
interaction on a) native perennial cover, b) species richness, and c) adjusted Floristic 
Quality Assessment Indices. 
 
 DF F-value P-value 
a) Native Perennial Cover    
Model 1: herbicide treatments, 2013-2016    
Year 3 6.32 0.005 
Treatment 3 0.78 0.53 
Year*Treatment 9 1.93 0.08 
Model 2: herbicide treatments + black plastic, 2013-2014 
Year 1 11.91 0.02 
Treatment 4 1.54 0.24 
Year*Treatment 4 0.91 0.48 
 
b) Species Richness 
Model 1: herbicide treatments + control, 2013-
2016 
   
Year 3 1.69 0.21 
Treatment 4 22.12 <0.0001 
Year*Treatment 12 1.76 0.08 
Model 2: all treatments, 2013-2014 
Year 1 2.5 0.17 
Treatment 5 8.7 0.0002 
Year*Treatment 5 1.03 0.43 
 
c) Adjusted FQAI 
Model 1: herbicide treatments + control, 2013-
2016 
   
Year 3, 5.53 3.03 0.12 
Treatment 4, 15.48 4.5 0.01 
Year*Treatment 12, 51.8 1.13 0.36 
Model 2: all treatments, 2013-2014 
Year 1, 4.44 0.23 0.65 
Treatment 5, 19.35 2.12 0.11 
Year*Treatment 5, 21.18 0.89 0.50 
 
  
47 
 
 
TABLE 2.4. Pearson’s correlations between NMDS axis scores and dominant species’ 
covers, vegetation guild covers, and environmental metrics from the ordination of 
control, reference, and herbicide treatment plots in 2014-2016.  Bolded values are 
statistically significant (p≤0.05). 
 
 NMDS1 NMDS2 NMDS3 
Dominant Species    
Phragmties australis -0.84 -0.1 0.03 
Bolboshoenus maritimus 0.38 0.05 0.35 
Distichlis spicate 0.56 -0.18 -0.15 
Typha spp. 0 0.45 0.12 
Schoenoplectus americanus 0.18 0.66 -0.2 
Berula erecta -0.01 0.46 -0.19 
Vegetation Guilds    
Graminoids 0.67 0.1 -0.4 
Forbs 0.12 0.3 -0.21 
Native Annuals 0.2 -0.33 -0.11 
Native Perennials 0.57 0.38 -0.3 
Bulrushes 0.34 0.57 -0.03 
Environmental Metrics 
Litter Depth -0.33 0.31 -0.09 
Water Depth 0.1 0.07 0.64 
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TABLE 2.5. Pearson correlation coefficients between NMDS axis scores and dominant 
species, vegetation guilds, and environmental metrics from the ordination of herbicide 
treated plots in 2016, the final monitoring year.  Bolded values are statistically significant 
(p≤0.05). 
 
 NMDS1 NMDS2 NMDS3 
Dominant Species    
Phragmites australis -0.12 -0.81 -0.15 
Typha spp. -0.73 0.19 -0.09 
Lemna spp. -0.54 -0.3 0.04 
Distichlis spicate 0.06 0.07 -0.49 
Schoenoplectus acutus 0 0.02 -0.64 
Bolboshoenus maritimus -0.01 -0.05 -0.62 
Schoenoplectus americanus -0.35 0.61 0.24 
Berula erecta -0.34 0.54 -0.04 
Vegetation Guilds    
Bulrushes -0.31 0.56 -0.12 
Graminoids 0.29 0.63 -0.04 
Forbs -0.42 0.77 0.03 
Introduced Annuals 0.82 0.23 -0.04 
Native Annuals 0.62 0.17 -0.09 
Invasive Perennials -0.73 0.2 -0.09 
Native Perennials -0.25 0.77 -0.04 
Environmental Metrics 
Phosphorus 0.17 -0.36 0.55 
Soil Moisture -0.57 0.44 -0.19 
Water Depth -0.64 -0.31 0.07 
Litter Depth -0.28 0.46 0.22 
Elevation 0.55 -0.07 -0.18 
O-Horizon Depth -0.54 0.48 0.01 
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FIG. 2.1.  Map of six experimental Phragmites management sites in Great Salt Lake, 
Utah.  Sites include U.S. Fish & Wildlife Services: Bear River Migratory Bird Refuge 
(BR); Utah Division of Wildlife Resources: Howard Slough Waterfowl Management 
Area (HS) and Farmington Bay Waterfowl Management Area (FB); The Nature 
Conservancy: Shorelands Preserve (two separate locations TN and TS); and Kennecott 
Utah Copper: Inland Sea Shorebird Reserve (IS) 
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FIG. 2.2. Cover of Phragmites following each treatment in each year.  Pre-treatment data 
were collected in June 2012, before initial treatments.  Follow-up treatments were 
conducted in 2013 and 2014.    
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FIG. 2.3. Phragmites inflorescence production, viability, and seed output following 
treatments. (A) Inflorescence production following each treatment.  Data were collected 
in September each year, following fall herbicide applications. (B) The viability of 
Phragmites seeds, and (C) the output of Phragmites seeds in fall 2014, after the final 
follow-up treatment.  Treatment codes are control: CONT; summer mow, black plastic: 
SMBP; summer imazapyr, winter mow: SIWM; summer glyphosate, winter mow: 
SGWM; fall glyphosate, winter mow: FGWM; summer mow, fall glyphosate: SMFG.    
52 
 
 
 
 
  
FIG. 2.4. A) Cover of native perennials B) plot level species richness and C) 
adjusted Floristic Quality Assessment Index values following each treatment in 
management (2012-2014) and monitoring years (2015-2016). 
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FIG. 2.5. Multidimensional scaling plot of control (CONT), fall glyphosate winter mow 
(FGWM), summer glyphosate winter mow (SGWM), summer imazapyr winter mow 
(SIWM), summer mow fall glyphosate (SMFG) and reference (REF) plant community 
assemblage centroids in years 2014-2016.  Asterisks are adjacent to the 2016 centroids, 
the final year of data collection.  Stress= 13.8. 
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FIG. 2.6. Multidimensional scaling plot of herbicide treated plots (FGWM, SGWM, 
SIWM, SMFG) in 2016 with plot scores coded by site.  Environmental variables overlaid 
are restricted to those variables that had >0.55 correlation with NMDS axes (Table 2.5).  
Species codes are ATRSPP: Atriplex spp., BERERE: Berula erecta, BOLMAR: 
Bolboschoenus maritimus, BIDCER: Bidens cernua, CHEGLA: Chenopodium glaucum, 
DISSPI: Distichlis spicata, EPICIL: Epilobium ciliatum, HORJUB: Hordeum jubatum, 
LACSER: Lactuca serriola, LEMSPP: Lemna spp., PHRAUS: Phragmites australis, 
POLMON: Polypogon monspeliensis, RUMMAR: Rumex maritimus, SCHACU: 
Schoenoplectus acutus, SCHAME: Schoenoplectus americanus, SYMCIL: 
Symphyotrichum ciliatum, TYPSPP: Typha spp. Site codes are BR: Bear River Migratory 
Bird Refuge, FB: Farmington Bay Waterfowl Management Area, HS: Howard Slough 
Waterfowl Management Area, IS: Inland Sea Shorebird Reserve, TN and TS: The Nature 
Conservancy Shorelands Preserve two separate locations.  Stress=8.54. 
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FIG 2.7. Pearson’s correlations between A) Phragmites cover and environmental metrics 
and B) perennial cover and environmental metrics, in grouped herbicide treated plots.  
Significant correlations (p≤0.05) are marked with an asterisk.   
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CHAPTER 3 
ABIOTIC AND LANDSCAPE FACTORS CONSTRAIN INVASIVE PHRAGMITES 
RESTORATION OUTCOMES ACROSS SPATIAL SCALES 
 
Abstract 
The natural recolonization of native plant communities following invasive species 
management is notoriously challenging to predict, since outcomes can be contingent on 
widespread factors including management decisions, abiotic factors, and landscape 
setting.  The spatial scale at which the treatment is applied can also impact management 
outcomes, potentially influencing plant assembly processes and treatment success.  
Understanding the relative importance of each of these factors for plant community 
assembly can help managers prioritize patches where specific treatments are likely to be 
most successful.  Here, using effects size analyses, we evaluate plant community 
responses following four invasive Phragmites australis management treatments (1: fall 
glyphosate herbicide spray, 2: summer glyphosate herbicide spray, 3: summer imazapyr 
herbicide spray, 4: untreated control) applied at two patch scales (large 12,000 m2 patches 
and small 1,000 m2 patches) and monitored for five years.  Using variation partitioning, 
we then evaluate the independent and shared influence of patch scale, treatment type, 
abiotic factors, and landscape factors had on plant community outcomes following 
herbicide treatments.  We found that Phragmites reinvaded more quickly in large patches, 
particularly following summer herbicide treatments, while native plant cover and richness 
recolonized at a greater magnitude in small patches than large.  Patch scale in 
combination with abiotic and landscape factors was the most important driver for most 
plant responses.  Compared with the small plots, large patches commonly had deeper and 
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more prolonged flooding, and were in areas with greater hydrologic disturbance in the 
landscape, factors associated with reduced native plant recruitment and greater 
Phragmites cover.  Small patches were associated with less flooding and landscape 
disturbance, and more native plants in the surrounding landscape than large patches, 
factors which promoted higher native plant conservation values, and greater native plant 
cover and richness.  Herbicide type and timing accounted for very little of the variation in 
native plant recovery, emphasizing the greater importance of patch selection for better 
management outcomes.  To maximize the success of treatment programs, practitioners 
should first manage Phragmites patches adjacent to native plant species, and in areas with 
minimal hydrologic disturbance. 
 
Keywords 
Spatial scale; Phragmites australis; management; invasive species control; restoration; 
contingency  
 
Introduction 
Invasive plants can reduce the abundance and diversity of native plant 
communities, and can markedly alter ecosystem functions and services, making invasive 
plant management a restoration priority (Richardson et al. 2000, Hejda et al. 2009).  It is 
often assumed that desirable species will naturally recover once the invader is removed 
(Galatowitsch et al. 1999), but this is rarely the case (Kettenring and Adams 2011).  
Restoration outcomes are notoriously variable across sites, and can be very challenging to 
predict (Suding 2011, Brudvig et al. 2017).  But clearly understanding the constraints to 
restoration success is important in order to prioritize sites for invasive species 
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management that are most likely to have successful outcomes (i.e. effective removal of 
the invader and native plant recovery), or to plan for the additional efforts needed to 
overcome thresholds at sites that have a high degree of impairment (Hobbs and Norton 
2004, Suding 2011).   
The results of invasive species removal can be limited by a wide array of factors 
acting across spatial scales.  Managers often focus on optimizing management regimes 
which can influence both invader removal success and plant community outcomes 
(Mason and French 2007, Flory and Clay 2009).  Local abiotic factors can also influence 
how effective management tools are, the likelihood for native plant recovery, and the 
competitive dynamics between native and invasive species (Daehler 2003, Diez et al. 
2009).  Landscape context, particularly the degree of landscape disturbance and the 
composition of the surrounding vegetation, can influence plant assembly trajectories 
following management (Prach and Hobbs 2008, Reinecke et al. 2008, Matthews et al. 
2017).  To add a further layer, the spatial scale of a managed patch can have implications 
for restoration outcomes (White and Walker 1997, Holl and Crone 2004, Morrison et al. 
2010), but this has been relatively unexplored (Brudvig 2011).   
It is often recognized that treatments enacted at small scales can be more effective 
at invader removal (Hulme 2003, Quirion et al. 2018) and result in more robust native 
plant recovery (Erskine Ogden and Rejmánek 2005) than large scale efforts.  Larger scale 
treatments may have to be conducted with different methods than smaller patches, which 
can have implications for success (Kettenring and Adams 2011).  The patch scale can 
also influence plant assembly processes following management treatments.  The spatial 
heterogeneity of biotic and abiotic conditions within a patch is likely to increase with 
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increasing patch area, leading to greater opportunities for a diversity of species 
recruitment in larger patches (De Blois et al. 2002, Englund and Cooper 2003).  A patch 
size might also influence its degree of openness (edge to area ratio), which can impact its 
permeability to the exchange of organisms (Englund and Cooper 2003).  Small patches 
that have a higher edge to interior ratio might be more influenced by propagules or clonal 
growth from the surrounding matrix and edge-mediated environmental conditions (e.g., 
light intensity) that influence species patterns (Phillips and Shure 1990, De Blois et al. 
2002). The unique impact of patch size on species assembly is challenging to distinguish 
from the local and landscape factors that can co-occur with patch scale (De Blois et al. 
2002, Pauchard & Shea 2006).  The abiotic environment of a patch can differ with its 
scale, in turn influencing species assembly (Denslow 1980, Phillips and Shure 1990).  In 
addition, landscape-scale disturbance factors that can enable the formation of large 
invaded patches (Zedler and Kercher 2004) might then constrain the assembling plant 
community following management treatments (Ehrenfeld 2008, Tousignant et al. 2010).   
Phragmites australis (Cav.) Trin ex Steud (i.e. common reed, hereafter called 
Phragmites) is a widespread invasive plant present in wetlands across North America 
(Marks et al. 1994; Saltonstall 2003; Kettenring et al. 2012) that is often the target of 
restoration efforts (Martin and Blossey 2013, Braun et al. 2016, Rohal et al. 2018).  The 
impacts of Phragmites to plant biodiversity (Chambers et al. 1999), wildlife habitat 
quality (Chambers et al. 2012, Dibble et al. 2013), and ecosystem functioning (Findlay et 
al. 2003, Rooth et al. 2003) have led managers to spend large sums of money and time on 
its management (Martin and Blossey 2013, Rohal et al. 2018).  With the capacity to 
reproduce both sexually and asexually (Kettenring and Mock 2012), Phragmites invades 
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wetlands by colonizing new areas from seed or rhizome fragments, which can then 
rapidly expand through clonal growth (Amsberry et al. 2000, Kettenring et al. 2016).  A 
disturbance specialist (Minchinton and Bertness 2003), Phragmites often becomes 
established following a (small-scale) disturbance in a wetland (Kettenring et al. 2015) 
and expands most rapidly following additional disturbance to the vegetation matrix or 
hydrologic drawdowns (Warren et al. 2001; Wilcox 2012).  These processes can create a 
pattern across the landscape of small patches surrounded by remnant native vegetation 
intermixed with large-scale stands where patches have expanded and merged to form 
large monocultures (Lathrop et al. 2003).   
Given the widespread nature of the Phragmites invasion and limited resources for 
restoration, managers must often prioritize sites, often choosing between targeting the 
large stands where the impacts appear most severe or focusing on the initial patches, 
which can spread rapidly (Moody and Mack 1988, Hazelton et al. 2014).  Phragmites 
managers must also select patches across heterogeneous abiotic conditions, which can 
impact treatment success (Carlson et al. 2009, Chapter 2 of this dissertation).  And they 
must select patches within a diverse landscape, with different matrix vegetation and 
varying levels of landscape-scale disturbances (Long et al. 2017b).  These abiotic and 
landscape influences may have contributed to Phragmites presence and therefore might 
further restrict restoration outcomes (Hazelton et al. 2014, Long et al. 2017a).  
Furthermore, managers must select the appropriate management action, which most 
commonly involves herbicide (Martin and Blossey 2013, Rohal et al. 2018).  Managers 
must choose the timing of herbicide application, commonly in summer or fall, and the 
type of herbicide, imazapyr or glyphosate (Hazelton et al. 2014).  Spray timing and the 
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composition of herbicide can have different effectiveness regarding Phragmites dieback 
and non-target native plant impacts (Derr 2008, Mozdzer et al. 2008, Chapter 2).  
Knowing the degree to which Phragmites management choices, patch scale, local abiotic 
factors, and landscape factors might independently and jointly influence restoration 
outcomes can help managers focus on the most influential factors constraining success.  
While restoration research often focuses on the management and site level abiotic factors, 
an understanding of how these factors interact with patch scale and landscape factors to 
influence restoration outcomes is relatively unexplored (Brudvig 2011, Grman et al. 
2013).  
Here we investigate the plant community outcomes of three different Phragmites 
management regimes (summer glyphosate, summer imazapyr, and fall glyphosate) at two 
discrete spatial scales (small 1,000m2 patches representing initial invasions, and large 
12,000m2 patches representing large stands).  We asked, does the scale at which a 
treatment is conducted influence 1) Phragmites cover, 2) native perennial plant cover, 
and 3) species richness of the returning plant community?  And is this effect (or lack of 
effect) consistent over a typical five-year management time frame?  We also sought to 
understand the influence of patch scale and management choices in relation to other 
factors known to influence assembling plant communities, specifically their local abiotic 
and landscape contexts.  Using variance partitioning, we asked: what is the relative 
influence of patch scale, management, local abiotic factors, and landscape factors on 
assembling plant communities following Phragmites management?  Are the differences 
we see in plant community outcomes at different spatial scales attributable to the patch 
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scale alone?  Or are there abiotic and landscape factors that are associated with patch 
scale that influence different plant community responses? 
 
Materials and Methods 
Study sites 
This study was conducted in the wetlands on the eastern shore of the Great Salt 
Lake (GSL), Utah (Fig. 3.1).  Invasive Phragmites became prominent in this region after 
a major flooding event in the mid-1980s (Rohal et al. 2018).  Since then its footprint has 
expanded to over 93km2 (Long et al. 2017a).  Phragmites is present in very large, well-
established stands isolated from native species, as well as small patches that are still 
surrounded by a matrix of native vegetation.  Dominant vegetation in this region includes 
Bolboschoenus maritimus, Schoenoplectus acutus, S. americanus, Distichlis spicata, 
Typha domingensis and T. latifolia (Downard et al 2017).   
 
Treatments 
We established sixteen large scale (12,000 m2) plots within four sites and twenty 
small scale (1,000 m2) plots within six sites (Fig. 3.1).  Each plot was randomly assigned 
one treatment, such that all treatments were equally replicated and conducted only once 
per site (all treatments were not conducted at every small patch site).  Treatments were 
1.) summer imazapyr herbicide spray, 2.) summer glyphosate herbicide spray, 3.) fall 
glyphosate herbicide spray, 4.) untreated control.  All herbicide treatments were followed 
by a winter mow.  Plots were established in areas that had ≥75% Phragmites cover which 
had not been managed in the previous five years. Phragmites cover was not significantly 
different in small and large patches (paired T-test: P=0.39).  Initial treatments were 
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conducted in 2012, follow-up treatments conducted in 2013-2014, and monitoring 
continued in 2015-2016.     
Summer herbicide treatments were conducted during the last week of June and 
first week in July.  Fall herbicide treatments were conducted in the last week of August 
through first week of September.  Initial herbicide treatments in 2012 were applied to 
both scales using a piston-driven sprayer on a boomless nozzle attached to Softrak 
wetland tractors (Loglogic, Mutterton, Cullompton, Devon, EX15 1RW, UK) or other 
marsh capable vehicles. At the large scales, follow-up treatments were applied using the 
same equipment, but from handheld nozzles which were used to treat individual patches 
to minimize non-target plant mortality.  At the small scales, follow-up treatments were 
applied using backpack sprayers.  We applied herbicides on sunny, non-windy days to 
avoid drift at the label-recommended rate of 7L/hectare.  We mixed herbicides with the 
non-ionic surfactant LI-700 at the label recommended rate of 1.89L/ 378.54L mixed 
solution.  We mowed all herbicide treatment plots in the winters (when the marsh soil is 
frozen, allowing better access) of 2012 and 2013 to accelerate the decomposition of 
standing dead biomass.  We conducted mowing using a ASV PT-80 skidsteer (ASV Inc., 
Grand Rapids, MN) or a MarshMaster (Coast Machinery LLC, Baton Rouge, LA) 
equipped with front-end hydraulic rotary mowers.   
 
Data collection 
At both scales, we monitored vegetation annually in September 2013-2016 after 
the fall herbicide treatments had been conducted.  Pre-treatment monitoring occurred in 
June 2012 before the initial summer herbicide treatments were implemented.  In the small 
patches, vegetation was sampled along four permanent, evenly-spaced transects, within 
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four, evenly-spaced 1m2 quadrats placed to the right of each transect.  In the large 
patches, vegetation was sampled along two permanent, evenly-spaced transects, with two 
1m2 quadrats placed on either side of each transect at ten evenly-spaced locations.  We 
determined percent cover by ocular estimation in each 1m2 quadrat using cover classes 
(<1%, 1-5%, 6-25%, 26-75%, and 76-100%).  We identified plants to species level using 
A Utah Flora (Welsh et al. 1993) with up-to-date nomenclature identified using the 
USDA PLANTS database (http://plants.usda.gov).     
We selected the 16 innermost quadrats from the large patch plots in order to 
calculate plant community metrics that were comparable to the small scale plots.  Species 
richness was calculated for both scales at the plot level.  Then, a mean coefficient of 
conservatism (mean C) was calculated for each plot to estimate habitat quality.  
Coefficients of conservatism (CC) are expert-derived values that describe a plant species’ 
disturbance tolerance or habitat specificity (Cohen et al. 2004).  Species are assigned 
conservation values from 0 to 10, where species with the highest CC exhibit the least 
tolerance to human disturbance, while zeros represent exotic or invasive species.  Mean C 
is a robust metric frequently used to assess conservation value in wetlands (Matthews et 
al. 2005). We calculated mean C for all native species in each plot, using C-values 
developed for other Western states that were evaluated for suitability in Utah (Menuz et 
al. 2016). 
 
Local abiotic and landscape predictor variables 
We collected soil samples in June 2012, before the initial treatments were 
conducted, to characterize local abiotic conditions in the small and large plots.  In the 
small plots, we collected one soil sample at the midpoint of each transect (four samples 
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per plot).  In the large plots, we collected three samples at three evenly spaced intervals 
per transect (six samples per plot).  We used a 7.62 diameter auger to collect a 30cm deep 
sample of mineral soil after measuring and removing the organic horizon.  The USU soil 
analytics lab processed the soils for pH and electrical conductivity (Rhoades 1982), and 
available phosphorus (Olsen NaHCO3 method).  The USU Stable Isotope Lab assessed 
the soils’ total nitrogen by continuous-flow direct combustion and mass spectrometry 
(CF-IRMS).  We recorded water depth measurements at every quadrat during vegetation 
sampling events.  Water depth is known to be an important driving factor in wetland plant 
communities (Casanova and Brock 2000), while other abiotic variables like nutrients and 
pH are known to influence the divergence in exotic and native species dominance 
(Ehrenfeld 2008).  Abiotic measurements were averaged by plot for analyses.  
We derived most of the landscape predictor variables from publicly available 
spatial datasets in ArcGIS 10.2.  We determined if each plot was positioned within an 
impounded wetland by consulting the National Wetlands Inventory classification for each 
plot location.  Many GSL wetlands are impounded to mitigate water losses in wetlands 
due to upstream diversions for urban and agricultural uses, which stabilizes the 
availability of waterfowl habitat, but has implications for wetland condition (Downard et 
al. 2014).  We used the near function to determine each plots distance to the nearest point 
source discharge using the locations of Utah Pollutant Discharge Elimination System 
(NPDES) permits from the Utah Department of Environmental Water Quality.  Distance 
to UPDES permits was a significant factor associated with Phragmites presence in a GSL 
species distribution model (Long et al. 2017a).   
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We drew a 1000 m buffer (Matthews et al. 2009) around each plot from which we 
collected additional anthropogenic disturbance and land use information.  Landscape-
level disturbances such as human development, roads, and agriculture have been 
correlated with plant invasions and other plant community changes in other wetlands 
(Tousignant et al. 2010, Menuz and Kettenring 2013).   Within each buffer, we 
determined the length of roads and canals which were hand digitized using high 
resolution (0.5m resolution) aerial imagery collected in June 2016.  We overlaid each 
buffer with water diversion data, sourced from the Utah Division of Water Rights, to 
determine the number of water diversions in each 1000 m radius surrounding each plot.  
Water diversions, roads (often associated with dikes), and canals represented the degree 
of hydrologic manipulation in the surrounding region.  We determined the proportion of 
agriculture, developed land, open water, and emergent wetlands within each 1000 m 
buffer using the National Land Cover Dataset.   
Variables related to the vegetation matrix are correlates for dispersal of 
propagules entering the plot.  Plots with high levels of Phragmites cover in the matrix 
should be expected to receive high levels of propagule pressure influencing further 
Phragmites invasion (Simberloff 2009), while plots surrounded by high levels of native 
species should have more native propagules available to assemble (Palmer et al. 1997).  
Long distance dispersal (particularly for water-transported seed like many of our native 
wetland species) may be disrupted by other factors, such as man-made impoundments 
and water control structures (Soomers et al. 2013).  Around the small plots, we collected 
data on the surrounding vegetation matrix of each plot in summer 2013. We expected the 
vegetation in these areas to remain relatively stable year-to-year in the absence of 
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disturbance. We placed 12–1 m2 quadrats at even intervals 7 m outside of the plot edge, 
and collected cover data for each species using the same cover classes used within plots.  
Around the large plots, we used high resolution 4-band (RGB–red, blue, green, + NIR–
near infrared) aerial imagery collected in the summer of 2013 to determine the vegetation 
composition at 12 even intervals 7 m from the edge of each plot.  Our analysis 
determined that each large plot was surrounded by Phragmites monocultures, which was 
confirmed during site visits.     
 
Data analysis 
To evaluate if vegetation metrics varied between large and small patches, we 
conducted separate effect size analyses for each treatment, at each scale, within each 
monitoring year.  The effect size approach enabled us to evaluate if the direction and 
magnitude of treatment effects varied between small and large scale areas (Rinella and 
James 2010).  For our effect size statistic, we calculated natural log response ratio (lnRR) 
of Phragmites cover and native perennial cover where lnRR for each site 
=ln(treated/control).  We performed a meta-analysis of each variable using the metafor 
package in R (Viechtbauer 2010).   We analyzed effect sizes with the RMA function and 
REML (restricted maximum likelihood) method.  We used mixed-effects models to test 
the significance (α=0.05) of effect size estimates (z-test;  H0: m=0) from each treatment, 
at each scale, within each year, and examine the difference between scales during each 
year (QM-test; H0: b1 = b2  = 0).   
To understand the relative influence of patch scale, management, abiotic factors, 
and landscape factors on assembling plant communities, we conducted principal 
components analyses, variation partitioning, and redundancy analyses in R 3.0.2 (R 
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Development Team) using package vegan 2.2-1 (Oksanen et al. 2015).  For these 
analyses we used data from all herbicide treated plots (27 total plots; 12 large scale, 15 
small scale) from 2015, the year following the last herbicide treatments.  We removed 
rare species and used a Hellinger’s transformation on our plant community data.  
Hellinger’s transformations on community datasets with large numbers of zeros enable 
the use of linear methods such as redundancy analysis (RDA) (Legendre and Gallagher 
2001).  We transformed some univariate predictor variables and response variables to 
best meet the assumptions of normality.  We log transformed abiotic variables 
phosphorus, nitrogen, average water depth, and 2015 water depth.  We log transformed 
landscape variables length of canals, length of roads, and distance to nearest discharge.  
We arcsine square root transformed the proportion development, proportion agriculture, 
and cover of surrounding native perennials.  We square root transformed distance to 
nearest water diversion.  We logit transformed response variables Phragmites cover and 
native perennials cover.  We then reduced local abiotic and landscape disturbance 
variables in separate principal components analyses (PCA) in order to reduce redundant 
variables and address collinearity (Graham 2003).  For the landscape category, we 
excluded proportion surrounding emergent marsh (1 km) and percent cover native 
perennials in surrounding area from the PCA.  These variables were less related to 
landscape disturbance and were more reflective of surrounding marsh conditions.  They 
were included as separate variables in further analysis. 
After evaluating the resulting variables for collinearity (Table S.3.5), we 
performed stepwise regressions to reduce the number of predictor variables within each 
variable set to be used in each separate variation partitioning analysis (Grman et al. 
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2013).  For plant community data, we used the function OrdiR2step to run significance 
tests on each separate variable set, retaining predictors with P<0.1, and used adjusted R2 
as a selection criteria to avoid overfitting (Blanchet et al. 2008).  For univariate response 
variables, we used the MASS package (Venables and Ripley 2002) to reduce variables in 
each variable set, using AIC to compare among models.  If the stepwise procedure 
resulted in no selected variables, we manually selected the variable with the smallest 
increase in AIC, or adjusted R2, to ensure each variable set had at least one predictor 
variable to perform variation partitioning.  To evaluate the significance of the variables 
included in the final models, we used permutation tests for marginal significance 
(redundancy analysis for plant community composition), and marginal sums of squares 
(multiple regression for univariate responses).   
 We then performed separate variation partitioning (Legendre and Legendre 1998) 
analyses for each response variable using RDA with function varpart.  Factors across 
hierarchical scales are often intercorrelated, which can make it challenging to disentangle 
the independent effects of possible causal variables (Matthews et al. 2009).  Variation 
partitioning among sets of explanatory variables allows scientists to test hypotheses about 
the relative importance and confounding of factors across multiple hierarchical levels 
(Cushman and McGarigal 2002).  The variation partitioning procedure uses partial 
ordinations to determine 1) the amount of variation independently attributable to each set 
of predictors after accounting for the effects of the other sets of predictors and 2) the 
amount of variation shared among sets of predictors (Matthews et al. 2009).  We used 
adjusted R2 as an unbiased estimate of variation explained which allows for the 
comparison of sets with different numbers of predictor variables (Peres-Neto et al. 2006).  
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Testable fractions (the unique variable sets) were evaluated for significance using 
ANOVA in package vegan.  We repeated analyses without reducing variables using 
variable selection and saw the same patterns of variation explained across explanatory 
sets.   
 
Results 
Effects size analysis 
Phragmites cover was significantly reduced at similar magnitudes in the first two 
years following all initial treatments (2013 and 2014) across both scales (Fig. 3.2; Table 
S.3.1).  In 2015 and 2016, one and two years after the final herbicide treatments, 
Phragmites cover was reduced at a greater magnitude in the small patches compared to 
the large patches across all treatments, but the difference was only significant in the 
summer glyphosate treatment (Table S.3.1) due to wide confidence intervals, indicating 
large amounts of site variability.  
Native perennial cover increased across both scales following all treatments, but 
this effect was never significant at the large scales (confidence intervals always 
overlapped 0) (Fig. 3.3; Table S.3.2).  Native perennial cover significantly increased in 
small scale patches across all treatments in most years in 2014-2016, and the increase 
was consistently at a greater magnitude than large patches, though the difference was 
only significant in the summer glyphosate treatment in 2015 (Table S.3.2).  Species 
richness significantly increased across both scale patches following treatments, but at a 
consistently higher magnitude in the small scale patches than large (Fig. 3.4; Table 
S.3.3).   
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Variable reduction 
The reduction of abiotic variables resulted in two retained principal components 
that explained 69.1% of the variation in abiotic factors among patches (Table 3.1).  PC 
axis 1 loaded heavily on water depth variables and organic horizon depth, which 
generally is higher with deeper and prolonged flooding (Reddy and Delaune 2008).  This 
axis primarily represented a hydrologic gradient from dryer conditions to deeper water 
conditions.  This axis also represented a gradient from low to high salinity. PC axis 2 
loaded most heavily on phosphorus and nitrogen and primarily represented a nutrient 
gradient. 
The reduction of landscape disturbance variables resulted in two retained 
principal components that explained 72.8% of the variation in landscape variables among 
patches (Table 3.1).  PC axis 1 loaded most heavily on the canals and roads, 
impoundment, and distance to the nearest discharge.  This axis primarily represented a 
gradient in the degree of hydrologic and water quality manipulation in the surrounding 
landscape.  PC axis 2 loaded most heavily on water diversions, proportion of developed 
land, and proportion of agriculture which suggests this axis primarily represents a 
gradient of human infrastructure in the surrounding landscape.     
Stepwise variable selection retained abiotic PCA1 (describing plot hydrology) for 
three response variables; the factors in abiotic PCA1 had a significant negative effect on 
species richness, mean C, and percent cover native perennials (Table 3.2).  Abiotic PCA2 
(nutrients) was not selected in variable selection for any response variable.  Landscape 
PCA1 (describing landscape hydrologic disturbance) was retained in all models except 
mean C; the factors in PCA1 had a negative influence on species richness and native 
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perennial cover, and a positive influence on Phragmites cover.  Percent cover 
surrounding natives had a significantly positive effect on all response variables except 
Phragmites (Table 3.2). Landscape PCA2 was only significant for the plant community 
model. The proportion emergent marsh in the surrounding area had a positive effect on 
species richness and a negative effect on Phragmites cover, though this effect was only 
moderately significant.  Herbicide season was significant for both Phragmites and mean 
C models, while herbicide type was not significant in all models.  Spatial scale was 
selected and significant in all models except the plant community one.  The direction of 
spatial effects indicated that smaller plots saw higher species richness, mean C, and 
native perennial cover, and lower Phragmites cover than the large plots.     
 
Variation partitioning 
Scale was a significant variable in explaining variation in each plant community 
outcome, but the amount of variation scale alone explained was minimal (<5%) (Table 
3.3).  For each univariate plant community outcome, the combined influence of scale and 
abiotic factors explained ~14-38% of variation.  Scale in combination with both 
landscape and abiotic variables explained 23% of variation for mean C and 11% of 
variation for native perennial cover (Table 3.3).  
Management explained almost 10% of the variation for Phragmites cover, but 
was not a significant variable for any other response (Table 3.3).  Fall herbicide 
treatments resulted in less Phragmites cover than summer treatments, but type of 
herbicide was not significant (Table 3.2).   
Abiotic variables were consistently the most important unique variable explaining 
variation in plant community responses (Table 3.3).  Deeper hydrology (higher values of 
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abiotic PCA1) had a negative influence on native perennials, species richness, and mean 
C (Table 3.2). The RDA biplot with the abiotic PCA overlaid showed patterns that 
reflected these results (Fig. 3.5).  Sites with low scores along the first axis were 
dominated by a few species with lower habitat value that could tolerate deep flooding 
including Lemna spp., Typha spp., and Phragmites.  Sites with high scores along the first 
axis were associated with more diverse species assemblages, and organized by more 
drought tolerant species, (i.e. Salicornia rubra and Hordeum jubatum) associated with 
high scores on axis 2, and more obligate wetland species (i.e. Eleocharis palustris and 
Bidens cernua) with low scores on axis 2.    
Landscape variables were significant for each plant community outcome, and 
uniquely explained ~7-13% of variation in native perennials and species richness.  Plots 
with high amounts of hydrologic disturbance in the landscape (high levels of landscape 
PCA1) had lower levels of species richness and perennial cover, while those that had 
high amounts of perennial natives in the surrounding landscape had high cover of native 
perennials and greater species richness (Table 3.2).  Landscape variables also accounted 
for nearly half of the explained variation in Phragmites cover (~16%) (Table 3.3).  Plots 
with higher levels of hydrologic disturbance and with a smaller proportion of emergent 
marsh in the surrounding landscape saw higher covers of Phragmites (Table 3.2).  The 
RDA biplot with significant landscape variables overlaid reflected these results.  Plots 
that were more dominated by Phragmites were associated with higher levels of 
hydrologic disturbance in the landscape (Fig. 3.6). More species rich wetland plant 
communities were associated with greater amounts of native perennials in the landscape. 
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Discussion 
Phragmites is known to be one of the most problematic wetland invaders in North 
America (Galatowitsch et al. 1999) and is heavily managed (Martin and Blossey 2013), 
yet little is known about how the size and environmental context of managed patches can 
influence Phragmites management outcomes (Hazelton et al. 2014, Quirion et al. 2018).  
In this study, we found that herbicide treatments led to more consistently successful 
outcomes in small patches compared with large ones.  Over a five-year management 
timeline, Phragmites reinvaded more slowly, and native perennial plants established at 
higher covers in the small patches.  Like other studies that have evaluated patch scale 
influence on assembling communities (Ricketts 2001, Holl and Crone 2004), we found 
the scale of the treated patch alone accounted for very little of the variation in plant 
community responses.  However, scale jointly with abiotic and/or landscape factors 
explained large amounts of variation in Phragmites and native plant responses following 
management.  Specifically, large patches often had deeper and more prolonged flooding 
than small patches, which had a negative influence on the cover, conservation value, and 
richness of native plants.  Large patches were also often in areas with more landscape-
scale hydrologic disturbance, which promoted Phragmites reinvasion and had a negative 
influence on the cover and habitat quality of returning native species.  Small patches were 
more often surrounded by a matrix of native perennial species, which had a positive 
influence on native plant recovery. For the most successful outcomes, managers should 
focus Phragmites treatments on patches with shallow flooding, less hydrologic 
disturbance, and more native species in the surrounding matrix. 
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Phragmites management success at two spatial scales 
Invasive species reinvasion following management efforts is common, and may 
relate to variable environmental conditions, invader propagule pressure, native plant 
recruitment limitations, or ineffective treatments (Pearson et al. 2016).  We saw greater 
Phragmites reinvasion in large patches compared with small following herbicide 
treatments.  This result is similar to another Phragmites management study that found 
more effective Phragmites removal following herbicide treatments applied to smaller 
patches (Quirion et al. 2017), though they found the best Phragmites cover reduction in 
patches less than 1 m2, far smaller than our 1000 m2 small patches.  Phragmites 
reinvasion, particularly following management of large patches (>5 acres) is a common 
observation among managers (Myers et al. 2009).  We found that patch size alone 
accounted for a small amount of variation (<5%) in Phragmites cover, likely explained 
by the different modes of follow-up herbicide treatment at the different scales (machine 
herbicide spraying in large patches vs. backpack spraying in small patches).  The 
machines that were used in the large patches for follow-up treatments may have crushed 
some sprayed Phragmites, which can interfere with the translocation of the herbicide to 
the roots (Ailstock et al. 2001).  This method was also likely less precise than backpack 
spraying that is necessarily conducted at a slower pace.  But most of the variation in 
Phragmites cover that we observed was from abiotic conditions and landscape influences, 
factors which often corresponded with patch scale.   
 Phragmites can withstand a wide range of salinity, hydrologic, and nutrient 
conditions (Eller et al. 2017), but treatments may not be equally effective across 
environmental gradients (Chapter 2).  In this study, abiotic conditions in combination 
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with scale accounted for a large amount of the variation in Phragmites cover following 
treatments.  This result was largely explained by the differences in flooding observed 
across patch scales, with deeper water and larger organic horizons observed in large scale 
plots (for example, average water depth for large patches was 17.5 cm compared with 2.6 
cm for small patches).  Phragmites herbicide management is most effective when soil 
moisture is high, since drought-stressed Phragmites does not effectively translocate 
herbicides to the roots (Carlson et al. 2009, Chapter 2).  But water depth, particularly 
after management treatments cease, likely plays an important part in the competitive 
dynamics between Phragmites and other native species.  Established Phragmites is 
highly tolerant of inundation, while many native species cannot withstand these 
conditions (Brix et al. 1992, Eller et al. 2017).  Flooding (>3.5cm) is known to inhibit 
Phragmites seed germination (Baldwin et al. 2010, Kettenring et al. 2015), but also can 
limit the germination of many native wetland plants as well (van der Valk and Davis 
1978, Leck 2003).  Those patches that had deeper flooding likely saw an expansion of the 
remaining Phragmites through rhizomes due to clonal integration (Amsberry et al. 2000), 
with limited recruitment of Phragmites by seed, but also limited recruitment of native 
species.  Lower native plant recruitment likely also limited the biotic resistance to 
Phragmites expansion (Byun et al. 2015), which in turn may have contributed to the 
higher amounts of Phragmites we saw in the large flooded patches.  Very deep flooding 
(>0.5m) can restrict Phragmites growth (Hudon et al. 2005), but the depth of flooding we 
observed (the deepest plots rarely exceeded 30 cm) did not limit Phragmites expansion 
after herbicide treatments ceased.  High salinity can also constrain Phragmites growth 
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(Burdick et al. 2001), but the salinities observed in our treatment plots were well within 
its tolerance limits (Eller et al. 2017). 
Phragmites is a high nutrient specialist (Mozdzer et al. 2010); with plentiful 
nutrients it can produce more above-ground biomass (Minchinton and Bertness 2003), 
greater numbers of florets and inflorescences (Kettenring et al. 2011), and explosive 
seedling growth (Saltonstall and Stevenson 2007, Kettenring and Whigham 2018).  
Elevated nutrient discharge from point sources, urban development, and agriculture has 
been correlated with Phragmites presence in multiple wetlands (Silliman and Bertness 
2004, King et al. 2007, Chambers et al. 2008, Sciance et al. 2016) including in Great Salt 
Lake (Long et al. 2017a).  Contrary to our expectations, soil nutrients did not explain any 
of the variation in Phragmites reinvasion following management.  Our one-time 
measurements of soil nutrients likely did not capture temporal and spatial variation in 
nutrient dynamics or all the different forms of nitrogen important to Phragmites growth 
(Mozdzer et al. 2010), which may have been more important in explaining vegetation 
dynamics.  
Landscape level disturbances are widely considered factors that can promote plant 
invasions (Jakubowski et al. 2010, Menuz and Kettenring 2013), particularly in wetlands 
that are landscape sinks (Zedler and Kercher 2004).  Our findings indicate that some 
landscape-scale disturbances, particularly hydrologic disturbances from roads and canals 
associated with man-made impoundments can also promote the reinvasion of Phragmites 
following management.  Landscape factors associated with disturbance to a wetland’s 
natural hydrology, including shoreline alterations, dredging, and diking are often 
implicated in promoting invasions (Galatowitsch et al. 1999), and have been linked to 
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Phragmites invasions (Chambers et al. 1999, 2003).  Restrictions to natural hydrology 
may create lower salinities than unaltered wetlands, which can promote Phragmites 
presence (Burdick et al. 2001).  Impoundments and water alterations also likely 
contributed to the deeper and longer duration flooding that can contribute to Phragmites 
competitive dominance (Brix et al. 1992, Galatowitsch et al. 1999, Kercher and Zedler 
2004). Despite the possible negative implications, impoundments have enormous benefits 
for buffering Great Salt Lake wetlands from drought, since water availability is limited 
by widespread upstream urban and agricultural uses (Downard and Endter-Wada 2013).  
Water control associated with such impoundments can often assist Phragmites 
management efforts by allowing for increased equipment access and has great potential 
for manipulating a hydrologic regime that could favor native species over Phragmites, 
though this has been unexplored empirically.   
 
Native plant recovery following Phragmites management 
Despite minimal quantitative evidence of plant community outcomes following 
Phragmites management (Hazelton et al. 2014), Phragmites managers often assume 
conditions will be adequate for native plant recruitment following management (Rohal et 
al 2018).  However, we saw variable levels of native plants following management 
efforts, with consistently greater covers of native perennial plants and species richness in 
small patches than large.  The size of the patch alone accounted for very little of this 
variation in plant communities.  While scale-based ecological processes like differing 
spatial heterogeneity and edge to area ratios were likely still at play (Englund and Cooper 
2003; Holl and Crone, 2004), they were less important relative to abiotic and landscape 
factors at the temporal scale of this study.  Spatial scale in combination with abiotic 
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conditions (predominantly hydrology) explained the most variation for each measured 
plant community response.   
 Hydrology, specifically flooding depth, duration, and frequency, is known to be a 
factor of overriding influence in determining plant community assembly in wetlands 
(Evan Weiher and Keddy 1995, Casanova and Brock 2000, Mitsch and Gosselink 2007).  
Thus, our finding that hydrologic variables were the leading driver of plant community 
outcomes is not surprising and confirms similar findings in other wetlands (e.g., 
Matthews et al. 2009, Touisignant et al 2010, Tsai et al. 2012).  Like others studying arid 
wetlands (Tsai et al. 2012), we found that greater water depth and increased organic 
horizons (associated with prolonged flooding) negatively influenced species richness and 
native perennial cover.  Shallowly flooded or mudflat conditions that promote a more 
diverse suite of wetland plant germination syndromes (Smith and Kadlec 1983) were 
more common in the small patches, where we recorded greater numbers of species and 
covers of native perennials.  Deep and prolonged flooding in the large patches also 
negatively influenced the conservation value of the returning species.  Typha, a species 
with low conservation value and considered a wetland invader in many ecosystems, was 
the most dominant emergent plant beyond Phragmites that returned to large, more deeply 
flooded patches.  Like Phragmites, Typha is more tolerant of deeply flooded conditions 
than many native species (Kercher and Zedler 2004).  Hydrologic shifts that lead to deep 
and prolonged flooding often favor invasive species that are more broadly tolerant of 
these altered conditions (Zedler and Kercher 2004).   
 Still, others have found that dispersal and seed availability are more limiting than 
abiotic conditions in wetland plant assembly (Zobel et al. 2000, Galatowitsch 2006, 
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Kettenring and Galatowitsch 2011a, 2011b), suggesting seed availability might also be 
limiting the plant community responses we observed.  Even in more deeply flooded sites, 
the heterogeneity we observed in water depth was substantial, which indicates that there 
were enough germination opportunities to expect greater richness and covers of perennial 
wetland species than what we observed.  For example, three bulrush species 
(Schoenoplectus americanus, S. acutus, and Bolboschoenus maritimus) that are the 
dominant perennial species in Great Salt Lake (Downard et al. 2017) all have superior 
germination in 5-10 cm of water (Clevering 1995), conditions that were met in all but the 
most deeply flooded sites.  If these species were readily available in the seed bank, we 
would expect to see them take advantage of microsites, but we saw very low recruitment 
of these species.  The richness of seed banks can be constrained by the composition of the 
(often unknown) previous vegetation (Smith and Kadlec 1983), and the densities of 
invaded seed banks rarely match uninvaded areas (Gioria and Pyšek 2015).  While seed 
banks under Phragmites stands are diverse in tidal systems (Baldwin et al. 2010, 
Hazelton et al. 2017), this may not be the case in inland systems, particularly where 
hydrologic connectivity between wetlands has been disrupted.   
 Dispersal and connectivity between a patch and native plants in the surrounding 
area may mediate the degree to which assembling plant communities reflect underlying 
environmental gradients (Alexander et al. 2012).  We found that disturbance in the 
landscape associated with impoundment infrastructure, including roads and canals, was 
associated with less native perennial cover and species richness, a result that might be 
partially explained by the negative influence of hydrologic disturbance on propagule 
dispersal.  Dams, ditching, and diking are known to disrupt seed dispersal (Jansson et al. 
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2000), particularly for water transported seed (Nilsson et al. 2010) like those of many 
high-quality wetland perennials in Great Salt Lake (Kadlec and Smith 1984).  
Disturbance to the natural hydrologic regime associated with impoundment infrastructure 
might also reduce establishment opportunities by restricting drawdown conditions (Van 
Geest et al. 2005).   
While constricted dispersal routes can negatively influence wetland plant 
assembly, limitations in the abundance and distribution of propagules in the surrounding 
area can also constrain plant community assembly in wetlands (Houlahan et al. 2006).  
The absence of native species surrounding large patches may also have contributed to the 
poor native plant recruitment we observed in such areas.  We found a positive 
relationship between the cover of native perennials in the surrounding matrix and the 
cover and richness of native species assembling in treated patches, which indicates that 
the increased native propagule pressure associated with such conditions promotes more 
robust native recruitment following Phragmites management.  These results are in line 
with many other studies that found positive associations between proximity to native 
populations and the richness and cover of desirable plant communities following invasive 
plant removal (e.g., Erskine Ogden and Rejmánek 2005, Matthews et al. 2017) and other 
restoration actions (e.g.,Holl and Crone 2004, Helsen et al. 2013).  Greater native 
perennials in patch surroundings was also positively related to a higher conservation 
value of returning plant communities in this study.  An intact native matrix may be 
evidence of less disturbance (Reid et al. 2009), conditions which can promote the 
assembly of higher quality native plant species (Cohen et al. 2004).  
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Management implications 
While managers seek to refine management practices to achieve restoration goals, 
it is often factors outside of management decision-making, like site, landscape, or 
historical contingencies that drive plant community outcomes (Brudvig 2011).  In this 
study, management choices about herbicide type and timing were less important than 
landscape and abiotic factors for explaining differences in Phragmites cover and native 
plant recovery following treatments.  Nevertheless, while herbicide type was 
insignificant, fall herbicide timing did result in less Phragmites cover and led to more 
consistent results across scales than summer treatments.  Fall treatments were superior for 
Phragmites removal likely because herbicide is more effectively translocated to rhizomes 
in the fall as Phragmites prepares for senescence (Tu et al. 2001).  While fall treatments 
released more opportunities for native establishment by more effectively removing 
Phragmites, herbicide timing did not explain much variation in plant community 
responses.  Maximizing the effectiveness of herbicide is clearly important for effective 
management of Phragmites, yet these results highlight the greater importance of patch 
selection for management outcomes, particularly regarding native recovery.   
Multiple ecological models have supported recommendations for managers to 
target small, outlier patches of invasive species, which most efficiently reduces invader 
spread and is more cost effective (Moody and Mack 1988; Higgins et al. 2000; Taylor 
and Hastings 2004).  One Phragmites-specific model offered evidence that prioritizing 
small patches of Phragmites is more effective for reducing spread (Alminagorta 2015), 
explained by Phragmites’ ability to rapidly expand vegetatively (Kettenring et al. 2016), 
and the larger edge to area ratios of small patches.  Regardless, large patches of 
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Phragmites are often targeted, though this may not be the best method to reduce 
Phragmites cover at the landscape scale.  For example, one six-year Phragmites 
monitoring effort showed that the reduction of Phragmites cover from the herbicide 
treatment of large patches (>5 acres) was offset by rapid expansion of un-treated small 
patches (Myers et al. 2009).  In addition, our study, like Quirion et al. 2017, provides 
evidence that large patches of Phragmites might also be more challenging to manage 
effectively, and may result in lower recruitment of native plants.  But our research 
suggests that it is not the scale of the patch, per se, that controls outcomes, but the abiotic 
and landscape factors that correspond with patch scale that drive plant community results.  
Small patches were often in areas with less hydrologic disturbance, more natural 
hydrologic patterns, and with more native species in the surrounding landscape, factors 
that promoted less Phragmites and greater cover, richness, and quality of native perennial 
species following management.  In contrast, large patches often corresponded with 
greater levels of hydrologic disturbance, deeper and more prolonged flooding, and 
isolation from native species in the landscape matrix, factors which promoted Phragmites 
reinvasion, and limited native plant recruitment.  Thus, to maximize plant community 
results, managers should target small Phragmites patches in less disturbed areas, with 
substantial established native communities in the matrix (Long et al 2017b).  With limited 
resources, choosing less degraded sites (Reid et al. 2009, Prior et al. 2017) with a matrix 
dominated by desirable native species (Matthews et al. 2017) allows managers to 
maximize the success of their efforts (Shafroth et al. 2008, Holl and Aide 2011). 
Often the management of large patches of invasive species are prioritized because 
of political reasons (Palmer 2009), feasibility (Larson et al. 2011), and site specific 
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concerns (McGeoch et al. 2016).  Should practitioners choose to manage large patches of 
Phragmites, our results suggest they should then plan for the additional constraints that 
are likely associated with such patches.  Particularly for large patches that are isolated 
from intact native species, or subject to hydrologic disturbance that might limit native 
species dispersal, managers should consider including active revegetation in management 
plans, which can help overcome propagule limitations (Erskine Ogden and Rejmánek 
2005, Morzaria-Luna and Zedler 2007) and promote more rapid native recruitment, 
increasing the biotic resistance to Phragmites reinvasion (Byun et. al 2014).  If 
hydrologic control is an option, our research suggests promoting a more natural 
hydrologic pattern instead of moderately deep and prolonged flooding, which can 
promote more native species germination.  However, managers should be cautious that 
these conditions might also promote Phragmites germination (Kettenring et al. 2015).  
Further research on the influence of flooding depth, frequency, and duration on 
Phragmites and native plant germination and persistence would help refine such 
hydrologic management. 
Invasive plant experiments are often conducted at small (<1 m2) scales which can 
limit their applicability to real world restorations (Kettenring and Adams 2011).  Like 
Erskine Ogden and Rejmánek (2009), we found that the results we observed at a smaller 
scale did not translate to large scale efforts, particularly regarding native plant recovery 
after invader removal.  These results highlight the importance of having an experimental 
arena reflect the common scales of management (Englund and Cooper 2003, D’Antonio 
et al. 2004).  And it supports the growing call (Brudvig et al. 2017) to conduct restoration 
research across many sites with diverse abiotic, historic, and landscape contexts to better 
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understand the contingencies of restoration outcomes.  Partnerships between researchers 
and managers can enable investigation at the necessary spatial and temporal scales to 
elucidate such constraints (Zedler 2000, Rohal et al. 2018). 
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Figures and Tables 
 
 
 
FIG. 3.1. Sites in the wetlands on the eastern shore of Great Salt Lake, Utah where the 
small and large patch Phragmites management treatments took place.  The dark grey 
shading indicates open water in Great Salt Lake.  The surrounding light grey shading 
outlines the adjacent wetland complexes.  
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FIG. 3.2. Effect size graphs for Phragmites cover for three herbicide treatments.  Points 
are effect sizes at each scale, in each year, bounded by the upper and lower limits of the 
95% confidence interval. 
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FIG. 3.3. Effect size graphs for native emergent perennial cover for three herbicide 
treatments. Points are effect sizes at each scale, in each year, bounded by the upper and 
lower limits of the 95% confidence interval. 
99 
 
 
Fall Glyphosate, Winter Mow
E
ff
e
c
t 
S
i z
e
-4
-2
0
2
4
Small Patch
Large Patch
2013 2014 2015 2016
 
Summer Glyphosate, Winter Mow
E
ff
e
c
t 
S
i z
e
-4
-2
0
2
4
Small Patch
Large Patch
2013 2014 2015 2016
 
Summer Imazapyr, Winter Mow
E
ff
e
c
t 
S
iz
e
-4
-2
0
2
4
Small Patch
Large Patch
2013 2014 2015 2016
 
FIG 3.4. Effect size graphs for species richness for three herbicide treatments.  Points are 
effect sizes at each scale, in each year, bounded by the upper and lower limits of the 95% 
confidence interval. 
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FIG 3.5.  RDA plot of the plant community from 2015 with the PCA1 hydrology 
overlaid.  Large plots are marked by black dots.  Small plots are marked by open white 
dots.  Species codes are: ALGAE: algae; ATRSPP: Atriplex spp.; BASSCO: Bassia 
scoparia; BERERE: Berula erecta; BIDCER: Bidens cernua; BOLMAR: Bolboschoenus 
maritimus; CHEGLA: Chenopodium glaucum, DISSPI: Distichlis spicata; ELEPAL: 
Eleocharis palustris; EPICIL: Epilobium ciliatum; HORJUB: Hordeum jubatum; 
LACSER: Lactuca serriola; LEMNA: Lemna spp.; POLLAP: Polygonum lapathifolium; 
POLMON: Polypogon monspeliensis; POLRAM: Polygonum ramosissimum; PHRAUS: 
Phragmites australis; RUMMAR: Rumex maritimus; SALRUB: Salicornia rubra; 
SCHACU: Schoenoplectus acutus; SCHAME: Schoenoplectus americanus; SUACAL: 
Suaeda calcioformis; SYMCIL: Symphotrichimum cilliatum; TYPSPP: Typha spp.; 
VERANA: Veronica anagalis-arvense. 
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FIG 3.6. RDA of the plant community from 2015 with the significant landscape variables 
overlaid.  Large plots are marked by black dots.  Small plots are marked by open white 
dots.  The RDA vectors are PCA.1_HydroDist: Landscape PCA 1 representing nearby 
hydrologic disturbances like canals and impoundments; PCA2_DevDisturbance: 
Landscape PCA2 representing nearby disturbance from nearby human developments; 
SurVegNative: percent cover of native perennial species in the surrounding vegetation of 
each plot. For species codes, refer to figure 3.5.   
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TABLE 3.1. Variable loadings on Principal Components Axes. 
Variable  PC Axis 1 PC Axis 2 
Abiotic Variables   
pH    --- -0.417 
Salinity 0.482    --- 
Phosphorus    --- 0.602 
Nitrogen -0.186 0.631 
Water Depth 2015 0.512 0.163 
Average Water Depth 2012-2016  0.541 0.181 
O Horizon Depth 0.423    --- 
Variance Explained (%) 40.13 28.93 
   
Landscape Disturbance 
Variables 
  
Impounded 0.377 0.290 
Proportion developed land (1km) -0.211 0.586 
Proportion agriculture (1km) -0.339 0.386 
Length of canals (1km) 0.475 0.296 
Length of roads (1km) 0.393 0.263 
Distance to nearest discharge 0.477 0.109 
Number of water diversions (1km) -0.300 0.505 
Variance Explained (%) 44.82 27.99 
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TABLE 3.2. Selection of predictor variables from each variable category for inclusion in 
variation partitioning.  Response variables were plant community composition, plot level 
species richness, mean conservation coefficient, Phragmites cover, and native perennial 
cover.  Categorical factors were spatial scale (small plots: 0, large plots: 1), herbicide 
season (summer: 0, fall: 1), and herbicide type (imazapyr: 0, glyphosate: 1). 
Predictor Variable Plant 
community 
Species 
richness 
Mean 
C 
Phrag-
mites 
Native 
perennials 
Scale      
Spatial scale  #ns X** - X*** - X. + X* - 
Management      
Herbicide season  #ns #ns X. + X* - X. + 
Herbicide type       
Abiotic Variables      
PC1 (hydrology) #ns X*** - X*** - #ns X*** - 
PC2 (nutrients)      
Landscape Variables      
PC1 (hydrologic 
disturbance) 
X** X** -  X. + X** - 
PC2 (developed 
disturbance) 
X*     
Proportion emergent 
marsh 
 X. +  X. -  
% cover surrounding 
natives  
X** X** + X* +  X** + 
 
X indicates that a variable was selected during the stepwise procedure.  # indicates that 
the variable was manually selected (based on a minimal increase in AIC or adjusted R2) 
to ensure that at least one predictor from each category was present.  Significance of 
terms in the final models are identified *** ≤0.001, ** ≤0.01, * ≤0.05,  . ≤0.1, ns>0.1.  
For significant terms, + indicates a positive effect and – indicates a negative effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
 
TABLE 3.3. Percentage variation explained by the unique contributions of scale (S), 
management (M), abiotic (A), and landscape (L) factors, and the variation explained by 
their intersections.  The significance of the testable model fractions (i.e. the unique 
contributions) were denoted by *** ≤0.001, ** ≤0.01, * ≤0.05, . ≤0.1. 
Explanatory 
Variable Set 
Variance Explained (%)  
 Plant 
community 
Species 
richness 
Mean C Phragmites 
cover 
Native 
perennials 
cover 
S (Scale) 4.6 . 0 ** 0*** 3.8 . 0 *** 
M (Management) 2.1  0 11.9 9.3 . 3.2  
A (Abiotic) 12.9 *** 26.3 ** 15.3*** 0 11.8*** 
L (Landscape) 2.2 *** 12.5 *** 0* 15.8 . 6.8 *** 
SM 0 0 0 0 0 
SA 0 38.2 22.3 13.9 30.8 
SL 0.2 0 0 0 0 
MA 0 0 0 0 0 
ML 0 0.2 0.3 1.6 0 
AL 2.2 0 0 0 6.4 
SMA 0.1 0 0.8 0.23 0 
SLA 0.2 0 23.4 0 11.0 
MLA 0 0.2 0 0 0 
SMLA 0 0 0 0 0 
Residuals 77.6 42.9 32.2 71.1 34.0 
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CHAPTER 4 
INVASIVE PHRAGMITES AUSTRALIS SEED BANK DENSITY DECLINES AFTER 
THREE YEARS OF MANAGEMENT, WHILE NATIVE PLANT SEED BANK 
COMMUNITIES ARE RESISTANT TO CHANGE 
 
Abstract 
Question: Managers frequently rely on the seed bank for revegetation following invasive 
plant management.  Do different invasive Phragmites management treatments change the 
density and richness of native and invasive species in the seed bank?  Does Phragmites 
seed bank composition vary with local site condition, and do seed bank differences 
influence aboveground recruitment following management? 
Location: Inland non-tidal brackish wetlands; Great Salt Lake, Utah, USA. 
Methods: Across six sites, we conducted six Phragmites management treatments in three 
consecutive years, and monitored two more. Treatments were: 1) summer imazapyr 
spray, winter mow; 2) summer glyphosate spray, winter mow; 3) summer mow, fall 
glyphosate spray; 4) fall glyphosate spray, winter mow; 5) summer mow with a black 
plastic solarization treatment; 6) untreated control.  Each year, we monitored the 
aboveground vegetation and simultaneously assayed the soil seed bank using the seedling 
emergence method. 
Results: Phragmites seeds were reduced in the seed bank after four years following all 
herbicide treatments.  Native seed densities were unaffected by treatments.  Seed bank 
composition, richness, and density varied substantially across sites by plot hydrology, 
nutrient enrichment, and native species in the surrounding vegetation.  Sites with greater 
nutrient enrichment had reduced native seed bank richness, which was reflected in low 
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native richness aboveground following management.  Less disturbed sites with fewer 
nutrients and more surrounding vegetation had greater richness both in the seed bank and 
aboveground.  Restoration target species—native graminoids—were present in the seed 
bank, but rare aboveground, likely due to abiotic constraints.   
Conclusion: Short-term herbicide treatments of Phragmites reduces the seed density of 
Phragmites but not native wetland plants, suggesting that restoration potential is not 
impaired by these treatments.  Natural recovery of diverse native species from the seed 
bank is more likely in less degraded sites.  But further management may be required to 
establish native graminoid target species. 
 
Keywords 
Seed bank; Phragmites australis; Invasive Plant Control; Ecological Restoration; Native 
Plant Revegetation; Recruitment Limitation;  
 
4.1 Introduction 
The most limiting step in management of natural areas in often invasive plant 
control.  Managers invest large amounts of time and money into invasive plant 
management programs due to the negative impacts of invasive plants on biodiversity and 
the structure and function of ecosystems (Vitousek et al. 1997; Ehrenfeld 2010).  It is 
often assumed that native plant species will adequately colonize following invader 
removal (Reid et al. 2009).  But the restoration of native plant communities following 
invasive plant management is rarely observed (Kettenring & Adams 2011; Reid et al 
2009).  Native plant restoration following invasive plant cover reductionmay be limited 
by low numbers of native propagules (Provencher et al. 2000; Seabloom et al. 2003a), the 
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reinvasion of the target invader or a secondary invader (Reinecke et al. 2008), and 
inadequate environmental conditions for native species germination or survival (Aronson 
& Galatowitsch 2008; Hartman & McCarthy 2004).  Understanding the relative 
importance of such limitations can help managers plan invasive species management with 
the greatest likelihood for native plant recovery. 
 Evaluation of the soil seed banks of invaded areas can reveal the possibility for 
native plant recruitment following invader removal, as well as the likelihood for the 
establishment of undesirable species aboveground (Bossuyt et al. 2008; Marchante et al. 
2010).  Specifically, assessing the native species richness, diversity of plant guilds, and 
native seed density of the seed bank can offer clues to the health of the seed bank and the 
prospect for native plant recruitment (Frieswyk & Zedler 2006).  On the other hand, 
greater richness and densities of invasive and introduced species indicate a greater 
potential for invasion following the removal of the invader. A major challenge for 
restoration is that seed banks of invaded plant communities are often degraded, with 
reduced richness and density of native species, and greater densities of the invader and 
other introduced species (Fisher et al. 2009; Gioria & Pyšek 2015).  The extent of 
degradation of seed banks is not always equal across sites.  The decline in seed bank 
quality can become more severe with the duration of invasion (Alexander et al. 2003; 
Marchante et al. 2010), the degree of anthropogenic disturbance and habitat degradation 
(Gioria & Pyšek 2015; Dalton 2017), and distance from established native plants (French 
et al. 2011; O’Donnell et al. 2016).   
 Seed banks can also change as a result of invader removal, though this has rarely 
been evaluated (Maclean et al. 2018).  Of greatest consequence for the returning 
108 
 
 
aboveground vegetation may be the influence of different management regimes on the 
density of the target invader’s propagules in the soil, since invader propagule pressure 
can influence the likelihood for reinvasion following invader removal (Alexander et al. 
2003; Simberloff 2009; Reinhardt Adams & Galatowitsch 2007).  Different management 
regimes may also alter the composition and densities of other seed bank species, 
particularly when the type and timing of the management disturbance differ (Wellstein et 
al. 2007; Ma et al. 2015).   
 One invasive species that receives extensive management attention across North 
America is Phragmites australis (Cav.) Trin ex Steud (i.e. common reed, hereafter called 
Phragmites) (Kettenring et al. 2012).  Phragmites is a widespread wetland grass that has 
invaded coastal and inland wetlands following the arrival of an introduced lineage 
(Saltonstall et al. 2002).  Managers invest great resources in the management of 
Phragmites (Martin & Blossey 2013; Rohal et al. 2018) because of its dramatic negative 
influence on native floral and faunal biodiversity (Meyerson et al. 2000; Dibble et al. 
2015) and its impacts on soil characteristics, hydrology, and nutrient cycling (Chambers 
et al. 2012).  The response of native plant communities to Phragmites management 
efforts has rarely been evaluated (Hazelton et al. 2014), but some studies suggest the 
cover and richness of returning native communities is often low (Cranney 2016; Chapter 
2) and reinvasion of Phragmites is common (Ailstock et al. 2001; Quirion et al. 2017).  
One explanation for these poor results could be a degraded seed bank.  Assays from 
Phragmites invaded wetlands in coastal systems have found diverse seed banks, similar 
to those of native systems, likely because of the influence of tidal mixing (Baldwin et al. 
2010; Hazelton et al. 2017).  But non-tidal inland systems have different seed dispersal 
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pathways, and may be more susceptible to seed bank degradation over time.  While a few 
studies in Phragmites invaded wetlands in freshwater inland systems have found diverse 
native seed banks (Ailstock et al 2001; Carlson et al. 2009), none have deeply 
investigated how the richness and densities of these seed banks may differ across diverse 
sites, and how these differences may correspond to the returning plant communities 
following management.    
 Phragmites management is most often conducted with herbicide (Martin & 
Blossey 2013; Rohal et al. 2018), but the type of herbicide and the timing of herbicide 
application can have implications for both the aboveground vegetation and the seed bank.  
Two broad-spectrum herbicides are often used for Phragmites management—glyphosate 
and imazapyr (Hazelton et al. 2014). Unlike glyphosate, which is strictly a foliar 
herbicide, imazapyr can be absorbed by a plants leaves and roots, and can reside in the 
soil for longer time periods (up to 4 years) (Tu et al. 2001).  These characteristics mean 
imazapyr has greater potential for non-target impacts to native vegetation, and also may 
negatively impact the seed bank through residues in the soil (Hazelton et al. 2014).  
These herbicides are often applied in summer or fall, which may have differential impacts 
on Phragmites removal success and native plant recovery due to different non-target 
impacts and different timings of disturbance (Derr et al. 2008; Mozdzer et al. 2008; 
Cranney 2016), which in turn could influence seed bank compositions.  Given the great 
amounts of aboveground biomass that accumulate in Phragmites patches, herbicide 
treatments are often accompanied by mowing, to open up the marsh surface to light to 
encourage native plant germination (Hazelton et al. 2014).  The timing of mowing, either 
in the winter when the ground is often frozen and vegetation is dormant, or during the 
110 
 
 
summer growing season may also influence aboveground vegetation dynamics due to 
different disturbance timings.  In addition, one non-herbicide management treatment for 
Phragmites is solarization in which the mowed Phragmites is covered by a layer of black 
plastic, which heats the ground below (Hazelton et al. 2014).  This treatment has the 
potential to damage soil stored seeds through hydrothermal stresses (Cohen et al. 2008).   
 We conducted a five-year experiment (three years of treatments, two years of 
monitoring) evaluating the influence of type and timing of treatment on Phragmites 
cover, Phragmites seed production, and returning native plant communities, detailed in a 
separate manuscript (Chapter 2).  We simultaneously evaluated the seed banks of 
experimental plots to understand how treatments may differentially influence seed bank 
communities, and the extent to which the seed banks contribute to subsequent 
aboveground native plant recovery.  A major question for Phragmites managers is if and 
when Phragmites management can result in a depletion of Phragmites seeds in the soil 
(Galatowitsch et al. 2016).  Since Phragmites invasion success increases with propagule 
pressure (Byun et al. 2015), this could have important implications for vegetation 
dynamics following management.  We specifically ask: 1) Do Phragmites density and 
native plant density and richness in the seed bank change as a result of Phragmites 
management treatments? 2) Are the seed banks of Phragmites patches different across 
sites, and what environmental factors correspond with these differences? 3) Do the 
returning plant communities following Phragmites management resemble the seed bank? 
4) Do differences in the seed bank across sites have implications for aboveground 
recruitment? 
 
111 
 
 
4.2 Methods 
4.2.1 Study sites 
We conducted this study at six sites that spanned the large wetland complexes that 
boarder the eastern shore of the Great Salt Lake, Utah (Figure 4.1).  These brackish 
wetlands are dominated by perennial graminoids including Bolboschoenus maritimus 
(alkali bulrush), Schoenoplectus acutus (hardstem bulrush), S. americanus (common 
threesquare), and Distichlis spicata (saltgrass) (Downard et al. 2017).  Invasive 
Phragmites became established in these wetlands following large-scale flooding in the 
1980s and has since expanded to over 93 m2 (Long et al. 2017; Rohal et al. 2018).    
 
4.2.2 Experimental design 
At each site, we established five 20 x 50 m plots in dense (≥75% cover) 
Phragmites that had been unmanaged for ≥five years.  We evaluated six Phragmites 
management treatments: 1) summer imazapyr spray, followed by a winter mow; 2) 
summer glyphosate spray, followed by a winter mow; 3) summer mow, followed by a fall 
glyphosate spray; 4) fall glyphosate spray, followed by a winter mow; 5) summer mow 
followed by a solarization treatment (covering the plots with black plastic for 10 months); 
6) untreated control.   We randomly assigned each treatment to a plot at five of the six 
sites, such that all treatments were equally replicated in a randomized balanced 
incomplete block design.   
 
4.2.3 Treatment implementation 
We applied the initial herbicide treatments from nozzles attached to wetland-
capable equipment that varied with the site’s management partners.  In one arrangement, 
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engine-powered hoses were attached to a vehicle (ATV, truck, or Wilco (Wilco Marsh 
Buggies and Draglines, Lafayette, LA)) from which herbicides were hand sprayed.  In 
another arrangement, herbicide was sprayed from a piston driven sprayer attached to a 3 
m tall “boomless” nozzle which was mounted on the back of a soft-track wetland tractor 
(Loglogic, Mutterton, Cullompton, Devon, EX15 1RW, UK).  We conducted follow up 
treatments using backpack sprayers.  We sprayed all herbicides under sunny, low-wind 
conditions at the rate of 3 quarts per acre (7 L/ ha).  We used rotary mowers attached to 
wetland- capable machinery (an ASV PT-80 tracked skid steer (ASV Inc., Grand Rapids, 
MN) or a Marsh Master (Coast Machinery LLC, Baton Rouge, LA)) to mow and mulch 
the Phragmites biomass, leaving the plant material on site.  We initiated herbicide 
treatments in 2012 and conducted follow up treatments in 2013 and 2014.  We applied 
summer herbicide and mow treatments in early July and fall herbicide treatments in late 
August.  We conducted winter mow treatments in January through March in 2013 and 
2014.  To conduct the solarization treatment, we laid large sheets of black plastic (6 mils; 
12 m × 30 m pieces) over recently mowed Phragmites in July 2012 and removed the 
plastic the following April 2013.   
 
4.2.4 Vegetation and soil sampling 
We monitored the vegetation in each plot annually.  We collected pre-treatment 
vegetation data in mid-June 2012 and post-treatment vegetation data in early September 
2013-2016.  We monitored the vegetation using a systematic sampling design, where 
vegetation was assessed in four evenly-spaced 1 m2 quadrats placed along four evenly-
spaced transects within each plot (for a total of 16 quadrats per plot).  A single observer 
determined the percent cover of each plant species in each quadrat by ocular estimation 
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using modified Daubenmire cover classes (<1%, 1-5%, >5-25%, >25-50%, >50-75%, 
>75-95%, >95-100%).   
We collected a soil sample at the midpoint of each transect in each plot in mid-
June 2012 (pre-treatments) to assess the ambient soil environment.  After measuring and 
removing the organic horizon, we collected a 30 cm deep sample of mineral soil using a 
7.62 cm diameter auger.  We sent each sample to the Utah State University soil analytics 
lab, which evaluated them for available phosphorus (Olsen NaHCO3 method), pH and 
electrical conductivity (Rhoades 1982), and organic matter (Walkley-Black method).  We 
sent subsets of each sample to the Stable Isotope Lab at USU for total nitrogen analysis 
by continuous-flow direct combustion and mass spectrometry (CF-IRMS).  We collected 
soil moisture measurements in each monitoring year by measuring the gravimetric soil 
moisture content of each sample by weighing a 100-150 g subsample before and after it 
was placed in a drying oven for 24 hours at 105C.  We collected elevation data at each 
plot to characterize the relative flood level of each location.  Four elevation data points 
were collected at the endpoints of the first and last transect of each plot using real-time 
kinematic (RTK) satellite navigation, which were then amended using OPUS correction 
and averaged by plot.  We surveyed the surrounding vegetation of each plot in the 
summer of 2013 to quantify the degree of native vegetation in the matrix.  Using the 
same methods as within the plots, we evaluated the percent cover of all plant species in 
twelve evenly spaced quadrats each placed 7 meters from the edge of the plot.   
4.2.5 Seed bank sampling and assay 
We sampled the seed bank of each plot in late March 2012 (pre-treatment) and in 
2013, 2014, and 2016 (one, two, and four years after the initial treatments).  We collected 
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seed bank samples at ten haphazardly chosen 1 m2 sampling areas within each plot, each 
separated by several meters.  Within each sampling area, we harvested five soil cores 
(3.18 cm diameter × 5 cm deep), which were combined into a single sample.  The 
combined surface area of each sample was 39.7 cm2.  We stored all samples in a 4°C 
walk-in cooler until we initiated the greenhouse experiment. 
We evaluated the seed bank using the seedling emergence method, which has 
been shown to effectively determine the species composition of seeds found in wetland 
soils (Poiani and Johnson 1988).  We conducted the seed bank emergence assays at the 
USU Crop Physiology climate-controlled greenhouse (Logan, Utah, USA; 1412 m 
elevation; 41.757925, -111.813078).  We removed rhizome fragments from each seed 
bank sample and placed the soil over 200 mL of Sunshine #2 potting soil in rectangular 
containers (11 W × 22 L × 8 cm D).  We watered samples four times daily to ensure 
saturated conditions.  We also used supplemental lighting (1000 W high-pressure sodium 
lamps, approximately 650 μmol m2/s, on a 16 h light/8 h dark cycle) when daylight 
waned in the winter.  We conducted a separate seedling emergence experiment for each 
sampling year beginning the July following the spring seed bank collection.  Within each 
pot, seedlings were grown until they were identifiable, then counted and removed.  We 
conducted each seed bank assay for six months, or until germination ceased.  We 
identified species from the seed bank and the aboveground vegetation using Flora of Utah 
(Welsh et al. 1993) and cross-checked each species in the USDA database 
(http://plants.usda.gov) for the most recent nomenclature.  We calculated species richness 
for the vegetation and the seed bank at the plot level.  
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4.2.6 Data analysis 
To evaluate the response of the seed bank to the different Phragmites 
management treatments, we analyzed separately response variables Phragmites seed 
density, native perennials seed density, and seed bank species richness using linear mixed 
effect models with repeated measures in JMP version 13.1.0 (SAS Institute).  We 
conducted randomized, balanced, incomplete block repeat measures ANCOVA models 
with treatment and year as fixed effects, and site as the random effect.  The pre-treatment 
2012 Phragmites seed density, native perennial seed density, and species richness were 
used as covariates in each respective model.  To best meet the assumptions of normality 
and homogeneity of variance, we log transformed Phragmites seed density and native 
perennial density.  When we found significant interactions between fixed effects, we used 
contrasts for pertinent comparisons.  All seed density data was expressed on a seeds per 
m2 basis (by dividing the number of each species in each sample by the sample area of 
0.00397 m2) to facilitate comparison with other studies.   
 To visualize seed bank communities across sites, we conducted non-metric multi-
dimensional scaling (NMDS) ordinations using the package vegan (Oksanen et al. 2015) 
in R 3.3.1 (R Core Development Team 2016).  To prepare for our NMDS ordinations 
(Kruskal 1964), we excluded species that occurred in fewer than 5% of quadrats from 
both ordinations to reduce the disproportionate influence of rare species (McCune et al. 
2002). In both ordinations, we used the metaMDS function to transform the data with a 
Wisconsin-style double standardization and a square-root transformation, create a 
dissimilarity matrix using Bray-Curtis, run the NMDS with random starts to avoid local 
optima, and scale the results with centering, principal components rotation, and half-
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change scaling, so that the variance of points was maximized on the first axis (Oksanen et 
al. 2015).  We determined the appropriate number of dimensions by evaluating a scree-
plot with 1-4 dimensions, looking for the fewest dimensions that resulted in a plot with 
stress <20 following McCune et al.’s (2002) threshold for usable results.  We set the 
maximum number of random starts for each run to 400.  We used the envfit function to fit 
vectors for the environmental variables onto the ordination based on 10,000 
permutations.  We performed an NMDS analysis with seed bank data from 2012 (pre-
treatment) to visualize the differences in seed bank community composition by site, with 
significant environmental vectors overlaid, which describe environmental variables that 
could explain the site-based differences in seed bank communities we observed.  We 
conducted a one-way permutational MANOVA (perMANOVA) (Anderson 2001) with R 
package Adonis using 999 permutations and Bray-Curtis distances to test for significant 
differences between seed bank communities across sites.  We also conducted multiple 
one way ANOVA models with numerous response variables (Table 4.3) from the 2012 
pre-treatment data using site as a fixed factor to evaluate differences in species richness 
and plant guilds across sites.  We used Tukey post-hoc means comparison tests to 
compare differences amongst sites, in order to control family-wise Type I error (α=0.05). 
Sorenson’s index of similarity was used to calculate the similarity between the 
seed bank and the aboveground vegetation in each plot in each sampling year.  The 
Sorenson’s index is calculated as 2w/(A+B) where w is the number of species found in 
both the seed bank and aboveground, A is the number of species found in the seed bank 
and B is the number of species found aboveground (McCune et al. 2002).  The result is a 
number between 0 and 1, with values closer to 1 representing communities that are more 
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similar in composition.  To evaluate if Phragmites management treatments resulted in 
communities that differentially resembled the seed bank, we conducted a randomized, 
balanced, incomplete block repeated measures ANOVA model with (logit transformed) 
Sorenson similarity index as the response variable, treatment and year as the fixed 
effects, and site as the random effect.  We used Tukey post-hoc means comparison tests 
to compare differences amongst treatments. 
Detailed in a separate manuscript (Chapter 2), we did not find significant 
differences in aboveground vegetation following different Phragmites herbicide 
treatments, but we did see differences in returning vegetation among sites.  Here, we 
attempt to evaluate how the returning vegetation following Phragmites herbicide 
treatments was influenced by differences in the seed banks across sites.  We selected the 
aboveground vegetation data and the seed bank data from the herbicide treated plots in 
2016, the final year of monitoring, and relativized each dataset to make them comparable.  
We then conducted non-parametric Spearman rank correlations between various 
vegetation metrics in the seed bank and the aboveground vegetation.  To evaluate the 
concordance between the aboveground vegetation communities with the seed bank 
communities in the 2016 herbicide treated plots, we conducted NMDS ordinations of 
each dataset, and then compared them by Procrustes rotation (Peres-Neto & Jackson, 
2001) using the function protest with 999 permutations in the R package vegan.  The 
effects of soil moisture, aboveground Phragmites cover, and elevation on Procrustes 
residuals were examined by Pearson correlation.  To visualize the similarities between 
the aboveground vegetation and the seed bank, we conducted the NMDS ordination of 
the aboveground vegetation and overlaid significant vectors describing seed bank and 
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aboveground vegetation metrics.  We correlated axes scores of the NMDS ordination to 
the vegetation metrics using Pearson’s correlation. 
 
4.3 Results 
4.3.1 The influence of Phragmites management treatments on the seed bank 
After the initial Phragmites management treatments, Phragmites seed density was 
significantly lower following the black plastic treatment compared with the control 
(Figure 4.2; Table 4.1).  By 2016, 4 years after the initial treatment, Phragmites seed 
density was significantly lower than the control following all herbicide treatments, but 
not the black plastic treatment.   
The species richness of the seed bank did not change as a result of any of the 
Phragmites management treatments (Figure 4.2, Table 4.2).  Likewise, the density of 
native perennials in the seed bank was not influenced by Phragmites management (Figure 
4.2, Table 4.2).  Total seed density, native annuals, native forbs, and native graminoids 
had similar patterns (Figures S.4.1 and S.4.2).  Likewise, NMDS trajectories of the seed 
bank communities over time showed no clear patterns which indicates that the 
communities were stable across treatments (Figure S.4.3).   
 
4.3.2 Site differences in seed bank composition 
Species richness and plant community guilds from the seed bank from the 
untreated Phragmites plots in 2012 were significantly different across sites (Table 4.3).  
The community composition of the seed banks of pre-treatment Phragmites plots (2012) 
were also significantly different by site (Figure 4.3, PERMANOVA F(5,29)=8.5 P=0.001 
R2= 0.64).  NMDS axis one primarily represented a gradient in organic horizon depth, 
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indicating a difference in historic hydrologic regimes.  Axis two represented an 
elevational gradient as well as a disturbance gradient, with high scores associated with 
elevated nutrients (greater disturbance), and low scores associated with greater amounts 
of native vegetation in the surrounding landscape (lower levels of disturbance).   
 
4.3.3 Association between the seed bank and aboveground vegetation 
The Sorenson’s similarity index between the seed bank and the aboveground 
vegetation was higher in each Phragmites treatment compared with the control after the 
initial treatments and for the rest of the experiment (Figure 4.4, Table 4.4).  In the final 
monitoring year, the Sorenson’s index in herbicide treated plots ranged from 0.20 to 0.69, 
indicating there was large variability in the degree to which the aboveground vegetation 
resembled the seed bank across plots.  Spearman rank correlations between the species 
richness and native species richness of the seed bank and the aboveground vegetation 
were strongly correlated (Table 4.5).  Likewise, the relative abundance of native forbs, 
introduced annuals, and invasive perennials (not including Phragmites) in the seed bank 
and the aboveground vegetation were significantly correlated, but native annuals, native 
perennials, Phragmites, and native graminoids were not (Table 4.5).   
NMDS ordinations of the 2016 herbicide treated plots’ seed bank (stress=0.19, 
P<0.001; instability of 0.03 with 20 iterations) and aboveground vegetation (stress=0.15, 
P<0.001; instability of 0.007 with 20 iterations) were both significant with 2 dimensions.  
Procrustes test analysis indicated a significant concordance between the two ordinations 
(m2=0.41, P=0.001).  Procrustes residuals were significantly correlated with soil moisture 
(r=-0.48, P= 0.03), and moderately correlated with elevation (r=0.41, P=0.07), but not 
with aboveground Phragmites cover (r=0.23, P=0.33).  The NMDS ordination of the 
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2016 herbicide treated aboveground vegetation was significantly described by a number 
of seed bank metrics (density of native perennials, density of invasive perennials, density 
of introduced annuals, and Phragmites seed density) (Figure 4.5, Table 4.6).  Some 
metrics from the aboveground vegetation and the seed bank followed similar gradients: 
introduced annuals in the aboveground vegetation and the seed bank were both positively 
correlated with NMDS axis 1, while native perennials in the aboveground vegetation and 
the seed bank were both negatively correlated with NMDS axis 2 (Figure 4.5, Table 4.6).   
 
4.4 Discussion 
The presence of large amounts of Phragmites seed in the seed bank following 
herbicide treatments is a management challenge, as the likelihood for reinvasion can 
increase with propagule pressure.  While we did observe high densities of Phragmites 
seeds before treatments were initiated, we found that Phragmites seed densities decreased 
following three years of all herbicide treatments, possibly reducing reinvasion potential.  
Meanwhile, the richness and densities of native seed bank species stayed constant, 
despite the disturbances associated with Phragmites management, indicating that seed 
banks found under Phragmites patches are resistant to these short term management 
disturbances.  We observed very different seed bank compositions, densities, and richness 
in Phragmites patches across sites of differing environmental conditions.  More disturbed 
sites with greater amounts of nutrient enrichment had fewer native species in the seed 
bank, which correlated with reduced native species recruitment aboveground.  In contrast, 
less disturbed sites with fewer nutrients and higher levels of native plants in the 
surrounding vegetation had greater seed bank richness, which correlated with greater 
native species richness aboveground.  The returning aboveground vegetation reflected the 
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composition of the seed bank in many respects, particularly regarding the recruitment of 
native perennial forbs but also less desirable species including introduced annuals and 
invasive (non-Phragmites) perennials.  But native graminoids, the target species for 
restoration, while present at moderate densities in the seed bank, were frequently absent 
or in low abundance in the aboveground vegetation.  Seed banks are an important 
propagule source for native revegetation following Phragmites management, but they do 
not have equal promise across sites.  Managers should evaluate the level of site 
degradation and consider active revegetation in areas with greater nutrient enrichment 
that are disconnected from established native vegetation. 
4.4.1 Phragmites seed densities in the soil and management implications 
Though Phragmites can reproduce and expand clonally, seed and seedling 
dynamics are an important driver for the establishment and spread of Phragmites in 
North American wetlands (Baldwin et al. 2010; Kettenring & Mock 2012).  Previous 
seed bank studies in both Europe and North America have found Phragmites seeds at 
varying, but relatively low densities, from absent to ~700 seeds m-2 (reviewed in Baldwin 
et al. 2010).  In general, Phragmites seeds have been found in densities lower than those 
of other species but are often widely distributed across sites (Baldwin et al. 2010).  In 
contrast to these previous studies, we observed Phragmites seed densities as high as 
~14,000 seeds m-2 and found Phragmites to be the one of the most abundant species in 
the seed banks of each site.  One explanation is that Phragmites seed production is known 
to increase with greater genotypic diversity in Phragmites stands (Baldwin et al. 2010; 
Kettenring et al. 2011) and increased soil nutrients (Kettenring et al. 2011), conditions 
which are common in Great Salt Lake wetlands (Kettenring & Mock 2012; Long et al. 
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2017).  In addition, we observed far higher seed densities than studies in coastal wetlands 
(Baldwin et al. 2010; Hazelton et al. 2014) which may relate to the lack of wave action 
which would likely transport more Phragmites seed offsite.  The relative densities of 
native plant seeds and Phragmites seeds in the soil can influence the competitive 
dynamics of reestablishing plant communities (Byun et al. 2015).  Thus, the ability of 
Phragmites seeds to be present in the soil in such great numbers, and at such high relative 
densities compared to other native species underscores the challenge managers face when 
trying restore Phragmites invaded wetlands.     
Our finding that herbicide treatments can significantly reduce the amount of 
Phragmites seeds in the soil while not negatively affecting native seed densities offers 
evidence that management can improve the competitive dynamics between reinvading 
Phragmites and newly recruiting native species over time.  Nevertheless, Phragmites 
seed densities were not significantly reduced until four years after the initial treatment, 
meaning there is very high reinvasion pressure during the management years when newly 
exposed soil and disturbance are highest—conditions that favor Phragmites germination 
(Minchinton and Bertness 2003; Kettenring et al. 2015).  Even when Phragmites seed 
bank concentrations were reduced following management, they still were present in high 
densities (compared with other regions).  The longevity of Phragmites seeds in North 
American wetland soils is unknown, but Phragmites seed banks are believed to be 
transient (1-3 years) like other grasses (Baldwin et al. 2010; Galatowitsch et al. 2016).  
The reduction in Phragmites seeds we observed following management generally 
supports this idea.  But large amounts of seed remain, likely from wind or water dispersal 
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from widespread ambient Phragmites in the surrounding landscape, and perhaps due to 
variability in the longevity of Phragmites seeds. 
These findings highlight the importance of acknowledging the likelihood of 
Phragmites seed recruitment in newly treated areas and managing to reduce and mitigate 
those prospects.  This means that repeated follow up treatments beyond the typical 3-year 
management cycle are warranted, since Phragmites recruitment from seed remains likely, 
particularly when native plant recruitment is slow (Chapter 2).  In addition, this points to 
the importance of management actions that can manipulate biotic and abiotic conditions 
to discourage Phragmites seed germination in newly treated areas.  Phragmites 
germination in dry soil and flooded (>3.5cm) conditions is greatly reduced (Chambers et 
al. 2003; Kettenring et al. 2015; Baldwin et al. 2010), opening the opportunity for 
managers with water control to promote hydrologic conditions that discourage 
Phragmites germination.  Dense native plant cover greatly reduces Phragmites 
germination opportunities as well (Byun et al. 2015; Kettenring et al. 2015; Peter & 
Burdick 2010).  Thus, revegetation that can quickly get native plants established and 
reduce open niches may be one of the most important tools to prevent Phragmites 
reinvasion by seed.  Even when all Phragmites cannot feasibly be managed with 
herbicide, managing to reduce Phragmites seed production at the watershed level is 
warranted (Kettenring et al. 2011).  Managers can reduce Phragmites seed production 
more broadly with summer Phragmites grazing (Silliman et al. 2014; B. Duncan, 
personal communication), summer Phragmites mowing (Chapter 2), and intentionally 
drought stressing Phragmites stands (C. Rohal personal observation).  In addition, 
decreasing nutrient enrichment and disturbance at the landscape scale may also reduce 
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conditions that promote Phragmites seed production (reviewed in Hazelton et al. 2014; 
Kettenring et al. 2011).  
 
4.4.2 Management and site influences on Phragmites seed bank communities 
When it has been evaluated in previous studies outside of wetlands, changes in 
seed bank richness and composition in response to different short-term management 
actions (mowing, grazing, herbicide) have been observed (Jacquemyn et al. 2011; Ma et 
al. 2015; Wellstein et al. 2007; Rodriguez et al. 2013).  In contrast to these studies, 
beyond the density of Phragmites seeds, we did not see any significant changes in the 
richness, densities, or composition of the seed bank following different Phragmites 
management treatments.  Many studies that find short-term seed bank changes from 
management are in grasslands (Wellstein et al. 2007; Rodriguez et al. 2013), which 
typically have transient, shorter-lived seed banks (Bossyut and Honnay 2008).  Wetlands 
with fluctuating water levels often have a more persistent seed bank (with seed longevity 
> 5 years; Bakker et al. 1996) which helps species respond to unpredictable flooding and 
drying (Capon & Brock 2006).  This persistent nature of many native wetland seeds may 
partially explain their seed bank resistance to short term disturbances that we observed 
following Phragmites management treatments.  Another study in Great Salt Lake 
wetlands found few seed bank changes following short term drawdowns and burning 
(Smith and Kadlec 1983), suggesting these wetlands specifically are highly resilient to a 
diversity of short-term disturbances.  Wetland seed banks also typically have high 
densities in contrast to other systems (Bossuyt & Honnay 2008), which may explain why 
we did not detect significant changes in native species densities in the seed bank, despite 
their recruitment from the seed bank into the aboveground vegetation, and the new seed 
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inputs from recruiting vegetation (i.e. changes to the seed bank may be small in relation 
to the naturally large seed densities). 
 Some management actions have the potential to directly impact the seed bank 
emergence by killing seeds or restricting germination.  For example, we expected to see a 
reduction in all species seed densities as a result of the black plastic treatment, which has 
been shown to reduce seed densities due to thermal stress in other experiments (Cohen et 
al. 2008).  Aboveground, the black plastic treatment did not effectively kill Phragmites 
rhizomes and resulted in a quick return of Phragmites once the plastic was removed 
(Chapter 2).  This evidence of a failed treatment suggests that the black plastic did not 
sufficiently heat the soil for a negative influence on native seed density to occur.  
Phragmites seed was reduced the year the plastic was applied, likely because the plastic 
prevented recruitment from adjacent patches.  We also hypothesized that the imazapyr 
treatment would negatively influence seedling emergence from the seed bank, due to its 
potentially longer residence time in the soil, and its ability to be absorbed through plant 
roots (Tu et al. 2001; Mozdzer et al. 2008).  But we found seed germination in imazapyr 
treated plots was robust like other herbicide treated plots and thus resulting aboveground 
communities had similar plant compositions and recruitment to the glyphosate treatments 
(Chapter 2).  Imazapyr residence time is reduced with increased soil moisture (Wang et 
al. 2006), so it likely degraded quickly in the moist conditions of the managed wetlands 
and posed no observable impediment to plant recruitment from the seed bank in this 
study.  Herbicide residues in very large concentrations can reduce the germination of 
seeds from the seed bank (Morash & Freedman 1989), yet the concentrations used for 
this study were sufficiently low to not affect the seed bank directly. 
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  While seed banks do not always differ due to short term management, they often 
differ across sites, and may reflect the sites’ previous vegetation, history of anthropogenic 
or natural disturbance, environmental gradients, and the age and severity of plant 
invasion (Wilson et al. 1993; Ficken et al. 2013; Vosse et al. 2008; Marchante et al. 
2011).  We found that seed bank composition from Phragmites patches differed across 
sites, and these differences primarily followed environmental and anthropogenic 
disturbance gradients.  Seed bank communities generally were grouped following a 
gradient of more-drought tolerant wetland plants to more obligate species, groupings 
which were associated with differences in organic horizon depth (likely reflective of 
historic hydroperiods; Reddy & Delaune 2008).  Wetland seed banks commonly follow 
hydrologic gradients (Poiani & Johnson, 1989), and may also reflect the composition of 
previous vegetation communities (Faist et al. 2013), which likely were primarily 
structured by differences in hydroperiod (Reddy & Delaune 2008).  This hydrologic 
structuring of seed bank communities suggests restoration following Phragmites removal 
may be constrained in areas that have hydrologic regimes that do not match historic 
patterns.   
 Seed bank species richness also plays an important part in determining the 
resilience of a seed bank community for restoration, as greater native richness would 
provide a variety of species for native vegetation to develop under a wide variation of 
environmental conditions (Frieswyk & Zedler 2006).  Like many others (Frieswyk & 
Zedler 2006; Schneider et al. 2012; Ma et al. 2014; Dalton et al. 2017), we found that 
seed bank species richness was less in sites with greater nutrient enrichment, suggesting 
Phragmites seed bank resilience and revegetation potential is reduced with increased 
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anthropogenic nutrients.  Nutrient enrichment may have promoted more Phragmites 
biomass production which can suppress seed bank renewal through litter accretion 
(preventing hydrochorus seed recruitment), exclusion of native species (preventing local 
seed bank renewal), or changing substrate chemistry (increasing seed mortality) (Smith & 
Kadlec 1983; Frieswyk & Zedler 2006).  Our sites with less nutrient enrichment also 
generally had greater amounts of native vegetation in the surrounding area, which likely 
both contributed propagules to the seed bank and reflected reduced anthropogenic 
disturbance in this region (Reid et al. 2014).  The potential for robust native seed bank 
regeneration following disturbance generally increases with proximity to intact native 
species, while proximity to invasive species has the opposite effect (Tabacchi et al. 2005; 
Kettenring & Galatowitsch 2011; O’Donnell et al. 2016). 
 
4.4.3 Seed bank influence on aboveground recruitment following Phragmites 
management 
 
The different extent of seed bank degradation across invaded sites can have 
important implications for aboveground plant recruitment following invasive species 
management (Frieswyk & Zedler 2006; Gioria & Pyšek 2015).  While there is often 
limited similarity between the aboveground vegetation and the seed bank (Hopfensperger 
2007), these groups are more often similar following frequent disturbances (Baptista & 
Shumway 1998), such as those associated with invasive plant management. The 
aboveground communities recruiting following Phragmites management in this study 
were reflective of the seed bank in many ways: in composition, species richness, and in 
relative densities for many plant guilds.  These similarities were related to both positive 
and negative restoration outcomes in the aboveground communities.  For example, our 
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finding that the seed bank native species richness was correlated with native species 
richness aboveground suggests seed banks with greater richness likely lead to more 
resilient aboveground plant communities following management.  Plant communities 
with greater richness can more effectively reduce Phragmites invasion by seed (Byun et 
al. 2013) and are more resilient to hydrologic fluctuations (Frieswyk & Zedler 2006).  
Likewise, vigorous forb recruitment aboveground reflected large native forb densities in 
the seed bank.  The robust recruitment of native forbs likely conferred resilience to 
Phragmites reinvasion in these sites, as species with early and fast-growing 
characteristics (like many native forbs) are resistant to Phragmites in early succession 
(Byun et al. 2013).  On the other hand, the seed banks that had higher relative densities of 
introduced annuals and (non-Phragmites) invasive perennials were also associated with 
aboveground communities with high proportions of these species.  Secondary invasions 
are common following invader management, as secondary invaders are often adept at 
taking advantage of the legacy effects of the target invader and altered environmental 
conditions associated with management treatments (Pearson et al. 2016).  While 
introduced annuals and invasive perennials were present across all sites, they recruited 
more readily into the aboveground vegetation when their densities were higher in relation 
to other species.  This suggests increasing native species densities, or reducing further 
inputs of undesirable species into the seed bank may reduce the dominance of invaders 
aboveground, as others have found (Seabloom et al. 2003b; Von Holle & Simberloff 
2005; Reinhardt Adams & Galatowitsch 2008). 
 Aboveground communities after disturbance can reflect the seed bank in many 
ways, but often seed bank species are not recruited into the vegetation (Reinhardt Adams 
129 
 
 
et al. 2015; ter Heerdt & Drost 1993).  In this study, native graminoids were present in 
the seed bank in moderate densities, but were rarely found in large covers in the 
aboveground vegetation following management (Chapter 2).  Native graminoids, 
dominated by three bulrushes (Schoenoplectus americanus, S. acutus, and Bolboschoenus 
maritimus), are often the target species following Phragmites removal, as they are 
important habitat species, particularly for waterfowl that are the focus of local 
management (Downard et al. 2017; Rohal et al. 2018).  Managers often believe that the 
seed bank will provide adequate propagules for revegetation of desirable species 
following Phragmites management (Rohal et al. 2018), but our results suggest that even 
when present in seed banks, native graminoids may not readily recruit aboveground.  
While present in moderate densities, native graminoids at each site were often dominated 
by just one species, which limits their resilience to a variety of possible abiotic 
conditions. We found that soil moisture and elevation (a proxy for flooding) explained 
some of the difference between the aboveground communities and seed bank 
communities, suggesting that hydrologic factors specifically may have limited native 
graminoid recruitment.  The similarity between seed banks and aboveground vegetation 
often relates to abiotic filtering, particularly hydrologic variables in wetlands such as the 
depth and frequency of flooding or the timing of drawdowns (ter Heerdt & Drost 1993; 
Baldwin et al. 2001; Faist & Collinge 2015).  With water control, managers can 
manipulate hydrology to promote bulrush germination, which typically require shallow 
flooding (Clevering 1995; Marty & Kettenring 2016), though more research is needed to 
help managers time and plan drawdowns to favor bulrush recruitment over Phragmites.  
Low graminoid recruitment from the seed bank also suggests revegetation of target 
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species may be warranted, particularly by introducing a greater diversity and density of 
graminoids that together are more resilient to variable hydrologic patterns. 
 
4.5 Conclusions 
While Phragmites is one of the most widespread and well-studied invasive plants 
in North America, evidence of successful transitions from Phragmites-invaded wetlands 
to native communities is rare (Hazelton et al. 2014).  This study suggests Phragmites 
seed banks in inland wetlands often have high densities of some native species, and a 
diversity of plant guilds, which hold promise for native recolonization.  But the richness 
of native species is variable across sites, with greater richness in less degraded sites with 
fewer nutrients and more surrounding native vegetation.  The differences in seed bank 
richness across sites was reflected in aboveground recruitment, which suggests diverse 
native plant recruitment from the seed bank is more probable in less degraded areas.  As 
management of all Phragmites patches is often infeasible, managers can first choose less 
degraded sites for management to increase the likelihood for robust native revegetation.  
Phragmites seed densities were reduced following multiple years of management, while 
native densities remained unchanged, suggesting management can improve the 
competitive dynamics between recruiting Phragmites and native species over time.  But 
Phragmites seed densities remain high, so management to restrict germination 
opportunities for Phragmites and reduce Phragmites seed production in the watershed is 
warranted.  Given high Phragmites reinvasion pressure, evidence of secondary invasion 
from non-Phragmites invasive perennials from the seed bank, and low recruitment of 
target native graminoid species, revegetation may be needed to quickly establish 
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desirable species which can reduce recruitment of undesirable species from the seed 
bank.   
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Figures and Tables 
 
 
 
FIGURE 4.1   Experimental study sites in wetlands on the eastern shore of Utah’s Great 
Salt Lake.  Study sites are BR: Bear River Migratory Bird Refuge; HS: Howard Slough 
Waterfowl Management Area; TN: The Nature Conservancy Shorelands Preserve – 
North; TS: The Natuer Conservancy Shorelands Preserve – South; FB: Farmington Bay 
Waterfowl Management Area; IS: Inland Sea Shorebird Reserve.  
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FIGURE 4.2   Phragmites seeds (A), species richness (B), and native perennial seeds (C) 
in the seed bank during the five-year experiment.  2012 samples were collected in the 
spring, before the initial Phragmites management treatments were conducted.  Follow-up 
herbicide treatments were conducted in 2013 and 2014.   
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FIGURE 4.3   The two-dimensional NMDS ordination of the seed bank communities 
from 2012, before treatments were implemented. Seed bank communities strongly 
organized by sites, which had differing environmental conditions. Site codes are: BR: 
Bear River Migratory Bird Refuge; FB: Farmington Bay Waterfowl Management Area; 
HS: Howard Slough Waterfowl Management Area; IS: Inland Sea Shorebird Reserve; 
TN: The Nature Conservancy Shorelands Preserve – North; TS: The Nature Conservancy 
Shorelands Preserve – South.  Species codes are: AMBART: Ambrosia artemisiifolia; 
ATRSPP: Atriplex spp.; BASSCO: Bassia scoparia; BERERE: Berula erecta; 
BOLMAR: Bolboschoenus maritimus; BIDCER: Bidens cernua; CHEGLA: 
Chenopodium glaucum; CYPESC: Cyperus esculentus; DISSPI: Distichlis spicata; 
ELEPAL: Eleocharis palustris; EPICIL: Epilobium cilliatum; HORJUB: Hordeum 
jubatum; JUNARC: Juncus arcticus; LEPFUS: Leptochloa fusca; LEPLAT: Lepidium 
lapatifolium; LYTSAL: Lythrum salicaria; PHRAUS: Phragmites australis; POLLAP: 
Polygonum lapathifolium; POLMON: Polypogon monspeliensis; POLRAM: Polygonum 
ramosissimum; PUCDIS: Puccinellia distans; RANCYM: Ranunculus cymbalaria; 
RANSCE: Ranunculus sceleratus; RORPAL: Rorippa palustris; RUMMAR: Rumex 
maritimus; SALRUB: Salicornia rubra; SCHACU: Schoenoplectus acutus; SCHAME: 
Schoenoplectus americanus; SONASP: Sonchus asper; SPESAL: Spergularia salina; 
SUACAL: Suaeda calceoformis; SYMCIL: Symphyotrichum ciliatum; TYPSPP: Typha 
spp; VERANA: Veronica anagalis-arvensis. (stress =0.19)   
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FIGURE 4.4   Sorenson similarity between the seed bank and the aboveground 
vegetation following different Phragmites management treatments over the five-year 
experiment.   
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FIGURE 4.5   NMDS ordination of the aboveground vegetation communities in the 2016 
herbicide treated plots, coded by site.  Significant vectors describing metrics of the 
aboveground plant community (AG) and the seed bank (SB) are overlaid.  See figure 4.2 
for site and species codes. 
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TABLE 4.1   Results of ANCOVA tests for the effects of treatment, year, and 
their interaction on Phragmites seed density in the seed bank.  Pre-treatment 
Phragmites seed density was the covariate. 
 
 DF F-value P-value 
Treatment 5, 19.32 2.29 0.09 
Year 2, 9.93 1.39 0.29 
Year × Treatment 10, 38.29 3.85 0.0012 
Pre-treatment Phragmites seed density 1,9.4 19.29 0.0016 
Contrasts 2013, after the initial treatment 
CONT vs. SMBP 1,35.04 10.33 0.0028 
CONT vs. SIWM 1,33.28 2.99 0.0928 
CONT vs. SGWM 1,35.55 4.98 0.0324 
CONT vs. FGWM 1,31.77 1.79 0.1904 
CONT vs. SMFG 1,32.78 1.893 0.178 
Contrasts 2014 
CONT vs. SMBP 1,35.04 1.51 0.227 
CONT vs. SIWM 1,33.28 3.06 0.089 
CONT vs. SGWM 1,33.55 2.89 0.098 
CONT vs. FGWM 1,31.77 1.29 0.265 
CONT vs. SMFG 1,32.78 1.302 0.262 
Contrasts 2016 
CONT vs. SMBP 1,35.04 2.07 0.159 
CONT vs. SIWM 1,33.28 16.22 0.0003 
CONT vs. SGWM 1,33.55 12.19 0.0014 
CONT vs. FGWM 1,31.77 8.74 0.006 
CONT vs. SMFG 1,32.78 14.47 0.0006 
CONT = Untreated control 
SMBP = Summer mow, black plastic 
SIWM = Summer imazapyr spray, winter mow 
SGWM = Summer glyphosate spray, winter mow 
FGWM = Fall glyphosate spray, winter mow 
SMFG = Summer mow, fall glyphosate 
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TABLE 4.2   Results from the ANCOVA tests for the effects of treatment, year, and the 
interaction of treatment and year on A.) species richness and B.) native perennial seed 
density in the seed bank.  Pre-treatment species richness and native perennials were 
covariates in each respective model.  
 DF F-value P-value 
Species richness    
Treatment 5, 17.5 1.19 0.355 
Year 2, 9.62 1.04 0.389 
Year × Treatment 10, 39.49 1.33 0.251 
Pre-treatment species richness 1,21.33 27.28 <0.0001 
    
Native perennials    
Treatment 5, 18.7 1.89 0.144 
Year 2, 9.51 1.15 0.356 
Year × Treatment 10, 39.88 0.70 0.716 
Pre-treatment native perennials 1,21.24 15.61 <0.0001 
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TABLE 4.3   Plant community metrics in 2012, before treatments were initiated.  Metrics included species richness, native species 
richness, native annuals, native perennials, invasive perennials (excluding Phragmites), introduced annuals, Phragmites, native forbs, 
native graminoids, and total density seeds m-2 All values are averaged across sites ± the standard error.  Means with different 
lowercase letters are significantly different between sites (Tukey tests).   ANOVA P values are also shown.    
 Site  
 BR FB HS IS TN      TS P 
Species 
richness 
17ab ± 0.8 14bc ± 0.7 9d ± 0.7 11cd ± 1.0 20a ± 1.0 16ab ± 1.0 <0.0001 
Native species 
richness 
11ab ± 0.8 9bc ± 0.7 5c ± 0.5 6c ± 0.4 14a ± 0.9 11ab ± 0.7 <0.0001 
Native annuals  932a ± 71 1204a ± 182 584ab ± 418  151b ± 53 1542a ± 532 776a ± 169 0.002 
Native 
perennials 
5390b ± 1078 3018b ± 384 6060b ± 1644 2211b ± 634 20473a ± 3236 4877b ± 1201 <0.0001 
Invasive 
perennials 
7698bc ± 1120 5919bc ± 1215 3330c ± 573 71d ± 31 13,219b ± 3980 58,972a ± 12572 <0.0001 
Introduced 
annuals 
1098a ± 217 5406a ± 943 1083a ± 491 1214a ± 628 16,846a ± 8769 6901a ± 3616 0.064 
Phragmites 5174ab ± 768 7214ab ± 123 8736a ± 1011 836c ± 228 3516b ± 1326 9284a ± 1587 <0.0001 
Native forbs 1270bc ± 108 1839bc ± 307 2725b ± 524 745c ± 298 13,476a ± 2556 3370b ± 1138 <0.0001 
Native 
graminoids 
5053a ± 1073 2383ab ± 275 3919a ± 1446 1617b ± 633 8539a ± 2139 2282ab ± 271 0.001 
Total seed 
density 
20,534b ± 1821 22,786b ± 1852 19,803b ± 2538 4665c ± 872 57,264a ± 6056 81,159a ± 11,842 <0.0001 
BR= Bear River Migratory Bird Refuge 
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FB= Farmington Bay Waterfowl Management Area 
HS= Howard Slough Waterfowl Management Area 
IS= Inland Sea Shorebird Reserve 
TN= The Nature Conservancy Shorelands Preserve - North 
TS= The Nature Conservancy Shorelands Preserve - South 
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TABLE 4.4   Results of the ANOVA for the effects of treatment, year, and their 
interaction on the Sorenson’s similarity index between the seed bank and the 
aboveground vegetation.  All years following the initial treatment (2013-2016) are 
included. 
 
 DF F-value P-value 
Treatment 5, 19.37 6.20 0.001 
Year 2, 9.68 0.63 0.551 
Year × Treatment 10, 39.22 0.79 0.636 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
150 
 
 
TABLE 4.5   Spearman rank correlation and P values between plant community metrics 
in the seed bank and in the aboveground vegetation from herbicide treated plots in the 
final year of data collection (2016).  Seed bank density data and aboveground vegetation 
cover data were relativized before this analysis.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plant community metrics r  P 
Species richness 0.81 <0.0001 
Native species richness 0.81 <0.0001 
Native annuals 0.35 0.125 
Native perennials 0.21 0.37 
Invasive perennials 0.64 0.002 
Introduced annuals 0.68 0.001 
Phragmites 0.37 0.105 
Native forbs 0.56 0.011 
Native graminoids -0.07 0.78 
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TABLE 4.6   Pearson’s correlations between the aboveground (AG) and seed bank (SB) 
vegetation metrics and the NMDS scores from the ordination of the 2016 aboveground 
vegetation herbicide treated plots. Bolded values are significant correlations (P ≤ 0.05).  
NMDS1 NMDS2 
Native Annuals SB 0.35 -0.13 
Native Annuals AG 0.65 -0.03 
Native Perennials SB -0.18 -0.65 
Native Perennials AG -0.15 -0.71 
Invasive Perennials SB -0.38 -0.67 
Invasive Perennials AG -0.62 -0.3 
Introduced Annuals SB 0.48 -0.38 
Introduced Annuals AG 0.83 -0.15 
Phragmites SB -0.67 -0.09 
Phragmites AG -0.27 0.71 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
 
The ultimate goal of Phragmites management programs is to remove the invader, 
restore high quality native plant communities, and recover vital avian habitat (Rohal et al. 
2018).  The research presented in this dissertation offers guidance on the best herbicide 
treatments for Phragmites removal and native plant recovery.  It highlights the 
importance of patch scale and site context for management outcomes and outlines the site 
conditions where treatments are likely to have the most success.  And it provides insight 
into the role seed banks play in plant recruitment following Phragmites management.  
Treatment influences on Phragmites cover  
 We found that fall glyphosate treatments were superior to summer applications of 
glyphosate and imazapyr in the reduction of Phragmites cover.  While all herbicide 
treatments significantly reduced Phragmites after the initial treatment, fall glyphosate 
with a winter mow and summer mowing combined with fall glyphosate both had superior 
results to summer herbicide applications after three years of treatments.  However, once 
treatments ceased, Phragmites cover increased in all treated plots, suggesting additional 
years of follow-up treatments are necessary for successful long-term Phragmites 
removal.  Treatment effectiveness depends on local site conditions.  Specifically, sites 
with increased soil moisture had superior Phragmites cover reduction, while those with 
dryer hydrology led to poor treatment results.  Drought-stressed Phragmites does not 
effectively translocate herbicide to the rhizomes which is needed for effectivePhragmites 
removal.   
 
153 
 
 
Treatment influences on Phragmites seed production and soil seed densities 
 One possible explanation for the increased cover of Phragmites we observed after 
all treatments ceased is the reinvasion of Phragmites by seed.  Phragmites can reproduce 
prolifically by seed, and germinates readily in the moist, disturbed, open-light conditions 
that are present after management (Kettenring and Mock 2012; Kettenring et al. 2015).  
In the seed bank study, we found that Phragmites seed densities in Great Salt Lake 
wetlands are very high compared to reported densities in all other ecosystems, suggesting 
that reinvasion pressure following management was substantial. We found that managers 
can reduce Phragmites seed production and Phragmites seed bank densities with some 
treatments.  Aboveground, we found that summer mowing and summer herbicide 
applications significantly reduced Phragmites seed production in the initial treatment 
year, while fall glyphosate applications did not.  But after the initial treatments, all 
herbicide treatments resulted in very low Phragmites seed production in follow-up years.  
We did not detect a significant difference in Phragmites seed bank density between 
different herbicide treatments, but we did observe lower Phragmites seed bank densities 
following all herbicide treatments after three years of management.  
 
Treatment influences on native plant outcomes  
 Native plant recovery following management was slow because deep Phragmites 
litter following mowing interfered with plant recruitment, particularly after the initial 
treatment year.  The summer mow, fall glyphosate treatment resulted in lower litter 
depths, which may have more quickly opened up native plant recruitment opportunities.  
Still, we did not see a significant difference in native plant recruitment following the 
different herbicide treatments.  Notably, we did not see reduced native plant recruitment 
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following the imazapyr treatment (compared with glyphosate), despite concerns about its 
potential persistence in the soil leading to non-target impacts.  While native plant 
recovery was not different across herbicide treatments, it was highly variable across sites.  
Sites with greater soil moisture had more native plant recruitment, since Phragmites was 
more effectively removed in these conditions (opening up more limiting resources) and 
because moist soil conditions promote native plant germination.  Nevertheless, deeper 
flooding also had a negative influence on native plant cover.  Moist soils to shallow 
flooding promote native plant germination and growth.   
 
Patch scale influences on treatment outcomes and native plant recovery 
 We found that plant community responses following Phragmites management 
differed between treatments at small and large scales.  Phragmites reinvaded large-scale 
plots more quickly than small plots after treatments ceased.  Furthermore, large plots also 
had reduced native plant recruitment compared with the small plots.  These differences 
were predominantly due to the local abiotic and landscape factors that often varied with 
patch scale.  Large plots tended to have deeper and more prolonged flooding than small 
patches, which had a negative influence on native plant recruitment.  Large plots were 
more frequently in areas with greater hydrologic disturbance (more impoundment 
infrastructure in the surrounding landscape), which also corresponded with reduced 
native plant recruitment.  In contrast, small plots frequently had more native plants in the 
surrounding landscape, which was positively related to greater native plant cover 
following Phragmites management.   
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Seed bank influence on native plant recovery 
 Seed bank densities and richness did not change following Phragmites 
management treatments, suggesting they are resistant to the short-term disturbances 
associated with management.  Thus, the ability of the seed bank to provide sufficient 
native propagules for revegetation is not impaired by short-term management 
interventions.  But, the seed bank did not have equal promise for native revegetation 
across sites.  Seed banks differed in composition, densities, and richness with 
environmental conditions, which had implications for aboveground plant recruitment 
following Phragmites management.  Sites with greater nutrient enrichment had reduced 
native seed bank species richness, which was reflected in reduced species richness in 
aboveground vegetation.  In contrast, sites with reduced nutrient enrichment and greater 
surrounding native vegetation had increased seed bank species richness, which 
corresponded with increased aboveground richness.  Aboveground vegetation recruitment 
reflected the seed bank in other respects – high seed bank densities of native forbs was 
associated with greater forb cover aboveground.  But high seed bank densities of invasive 
(non-Phragmites) perennials and introduced annuals also were reflected in their relative 
dominance aboveground.  High quality reference sites in Great Salt Lake wetlands are 
composed primarily of native graminoids — dominated by three bulrush species that are 
important habitat plants for migratory bird species.  While these species were present at 
moderate densities in the seed bank, they were rare in the aboveground vegetation 
following Phragmites management.   
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Environmental context and native plant outcomes 
 In all three chapters, site hydrology consistently played the most important role in 
determining Phragmites management success and native plant recruitment outcomes.  
Adequate soil moisture is needed for successful herbicide managemnet and native plant 
recruitment from the seed bank.  Nevertheless, flooding that is too deep can prevent 
native plant recruitment.  While Phragmites seed recruitment is also reduced with 
flooding (Kettenring et al. 2015), the expansion of Phragmites through rhizomes was not 
restricted, so deeper flooding generally led to a quicker return of Phragmites after 
management ceased.  Further research evaluating how specific flooding depths and 
durations influence the competitive dynamics between recruiting Phragmites and native 
plant species is warranted.   But while site-level hydrology was the most dominant factor 
influencing results, there were other factors that influenced native plant outcomes.  A 
meta-analysis of native plant responses to invasive plant management found that robust 
natural recovery of native plant species is less likely in more degraded sites (Reid et al. 
2009).  Our research indicates that plant recruitment following Phragmites management 
follows a similar pattern.  Degraded conditions such as hydrologic disturbance, nutrient 
enrichment, and disconnection with established native plant species were all factors that 
were associated with lower richness and covers of native plants following Phragmites 
management.    
 
Management recommendations 
 The research described in this dissertation can guide managers of Phragmites to 
choose the most effective treatments, prioritize sites that are likely to have the best 
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outcomes, and plan additional measures at sites that have more constraints.  A summary 
of management recommendations that resulted from this research is below: 
 Spray Phragmites with glyphosate in the fall for the best Phragmites cover 
reduction 
 Continue follow-up herbicide applications after the typical three-year 
management cycle, as the remaining Phragmites expands quickly.  Until native 
plant cover is high, which would best prevent Phragmites germination, follow-up 
treatments are likely needed. 
 Phragmites reinvasion pressure is high due to large Phragmites soil seed 
densities.  Three years of management treatments can reduce soil seed densities, 
but they still remain high, likely due to large amounts of Phragmites in the 
surrounding watershed.  Managers can reduce Phragmites seed production by 
impacting the plant in the summer (i.e. mowing or grazing). 
 Managers can also reduce Phragmites reinvasion pressure by manipulating 
hydrologic conditions to reduce Phragmites germination opportunities (drought 
stressing or flooding more deeply) or by active revegetation, which quickly 
reduces moist soil, open light conditions that favor Phragmites germination (Byun 
et al. 2015).  
 Choose sites with high soil moisture to increase herbicide effectiveness and 
promote favorable conditions for native plant germination.  But, more deeply 
flooded sites are unlikely to have robust native plant recruitment. 
 Choose Phragmites patches in less degraded sites for a greater likelihood for 
native plant recovery.  Less degraded sites typically have smaller patches of 
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Phragmites with native plants in the surrounding area, reduced hydrologic 
disturbance, and reduced nutrient enrichment.   
 More degraded Phragmites sites (large stands of Phragmites in areas with greater 
nutrient enrichment, greater hydrologic disturbance, and few surrounding native 
plants) are unlikely to have robust natural recovery of native plants.  If managers 
choose to treat these areas, active revegetation of desirable native species may be 
required. 
 Native graminoids, target species for restoration, rarely recruited naturally 
following Phragmites management, despite their presence at moderate densities 
(though low richness) in the seed bank.  Revegetation using a diversity of 
graminoid species may be needed for the restoration of these important habitat 
species. 
 
Contributions to invasion and restoration ecology 
 As natural resource managers continue to expand programs in invasive plant 
management and restoration, the science to inform these actions has been slow to catch 
up (Zedler 2000).  Specifically, there is a growing understanding that the predictive 
capacity of restoration is lacking, as the causes for variation in restoration outcomes 
remain poorly understood for most ecosystems (Brudvig et al. 2017).  The research 
described in this dissertation is intended to increase the predictive capacity of restoration 
efforts involving one widespread and impactful invasive plant, Phragmites australis.  As 
others have noted, large scale, multi-year experiments that evaluate management 
approaches across multiple sites with various environmental contexts are the gold 
standard for understanding the causes of variability in restoration and improving 
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prediction – though these approaches are rare (Zedler 2000; Suding 2011; Kettenring and 
Adams 2011; Brudvig et al. 2017).  Our research specifically highlighted the importance 
of these bolder approaches for informing restoration action in the real world.  We found 
that outcomes from management of smaller invasive species patches did not match the 
results from larger scale invasions, highlighting the importance of having an experimental 
arena match the common scales of management.  We also found that many of our 
measured responses changed over time.  In one particularly important example, it wasn’t 
until three years after the initial treatment that clear differences in Phragmites cover 
between the fall and summer applications of herbicide became apparent.  A shorter-term 
experiment would easily have missed this important finding, again highlighting the 
necessity of multi-year experiments.   And finally, the multi-site approach was critical for 
understanding the most important factors associated with variability following 
Phragmites treatments.  Though we started out with seemingly identical patches – 
monocultures of Phragmites – the underlying abiotic variability, and differences in seed 
bank compositions and landscape contexts influenced plant community outcomes greatly.  
Detecting these contingencies is critical for informing invasive species management 
planning, prioritizing sites for management, and identifying avenues for future research.   
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APPENDIX A 
SUPPLEMENTS TO CHAPTER TWO 
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TABLE S.2.1. Results of ANOVA tests for the effects of treatment, year, and their 
interaction on litter depth. 
 
Model 1: Herbicide treatments + control, 2013-
2016 
DF F-value P-value 
Year 3, 14.93 1.72 0.2045 
Treatment 4, 15.22 26.04 0.001 
Year*Treatment 12, 45.73 4.41 0.001 
Contrasts, 2013-2016    
CONT vs SGWM 1,15.22 17.44 0.0008 
CONT vs SIWM 1,15.22 19.50 0.0005 
CONT vs FGWM 1,15.22 15.57 0.0013 
CONT vs SMFG 1,15.22 102.12 <0.0001 
SMFG vs SGWM 1,15.22 35.17 <0.0001 
SMFG vs SIWM 1,15.22 32.37 <0.0001 
SMFG vs FGWM 1,15.22 37.94 <0.0001 
SGWM vs SIWM 1,15.22 0.06 0.81 
SGWM vs FGWM 1,15.22 0.05 0.82 
FGWM vs SIWM 1,15.22 0.22 0.65 
    
Model 2: All treatments, 2013-2014 
Year 1, 4.13 36.35 0.003 
Treatment 5, 19.36 5.46 0.003 
Year*Treatment 5, 22.38 2.32 0.08 
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TABLE S.2.2. Environmental data averaged by site. Environmetal variables are pH, 
salinity (dS/m), organic matter (%), Total Nitrogen (mg/kg), Nitrate (mg/kg), Ammonium 
(mg/kg), Phosphorus (mg/kg), organic horizon depth (cm), elevation (m above sea level).  
All data was collected in 2012 before treatments were enacted except N03- and NH4, 
which were collected in 2014. 
 
 BR FB HS IS TN TS 
pH  7.5±0.06 7.8±0.06 7.8±0.04 8.0±0.02 7.9±0.04 7.9±0.02 
Salinity 9.5±0.52 11.2±2.21 20.4±2.35 6.4±0.91 4.2±0.57 6.6±0.90 
Organic 2.5±0.12 3.9±0.38 4.1±0.30 2.7±0.11 3.0±0.25 3.0±0.19 
TN 1387.2±18
0 
2949.4±44
4 
2482.4±19
6 
1144.9±52 1126.8±64 1171.5±10
7 
N03- 0±0 0.02±0.01 0±0 0.92±0.17 0.14±0.04 0±0 
NH4 3.4±0.84 121.0±36.
4 
32.3±8.39 3.2±0.69 3.3±0.74 2.3±0.26 
P 21.1±1.6 68.2±7.9 77.7±9.2 70.1±0.9 31.1±2.6  28.2±1.4 
O 
Horizon 
3.9±0.5 2.1±0.48 7.2±0.68 2.15±0.25 7.0±0.82 8.5±0.63 
Elevation 1282.9±0.
02 
1282.6±0.
04 
1281.7±0.
03 
1283.3±0.
02 
1282.9±0.
07 
1282.3±0.
05 
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TABLE S.2.3. Gravimetric soil moisture (percent dry weight) averaged across each site, 
collected in late June in each study year. 
 
Site 2012 2013 2014 2015 2016 
BR 49.72 45.11 49.41 49.65 73.06 
FB 83.79 81.50 85.99 81.66 54.43 
HS 84.72 70.19 77.14 89.38 78.58 
IS 41.89 45.84 35.75 46.45 13.62 
TN 46.37 48.78 47.44 56.93 68.47 
TS 50.76 52.45 70.12 64.77 71.90 
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TABLE S.2.4. Water depth (cm) averaged across each site, collected in late June of each 
study year.   
 
Site 2012 2013 2014 2015 2016 
BR 3.74 0.00 0.01 0.00 1.79 
FB 8.81 0.39 13.78 0.00 0.00 
HS 0.00 3.59 6.68 9.53 21.27 
IS 0.92 2.50 4.64 5.95 0.00 
TN 0.94 0.59 2.80 1.13 0.00 
TS 3.66 0.00 5.83 0.04 2.54 
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a. 
b. 
 
FIG. S.2.1. Machinery used for herbicide application.  Herbicide application was applied 
using varied equipment.  In one configuration, a soft-track wetland tractor (Loglogic, 
Mutterton, Cullompton, Devon, EX15 1RW, UK) was equipped with a piston-driven 
sprayer and a “boomless” nozzle held approximately 3m above the ground that sprays 
outward from the back of the vehicle (a).  In another configuration, engine-powered 
herbicide hoses were attached to a vehicle (truck, ATV, or Wilco (Wilco Marsh Buggies 
and Draglines, Lafayette, LA)) from which the plot was hand-sprayed (b).   Glyphosate 
(Aquaneat®) was applied at a rate of 3 quarts per acre (7 L/ ha).  Imazapyr (Polaris®) 
was applied at the same rate.  Both herbicides were mixed with the non-ionic surfactant, 
LI-700 at a rate of 1.89 L/ 378.54 L of mixed solution.   
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a. 
b. 
 
FIG. S.2.2. Machinery used for mowing treatments. Mowing application was applied 
using two different types of equipment.  In low-water, easy access areas, mowing was 
conducted using an ASV PT-80 tracked skid steer (ASV Inc., Grand Rapids, MN) with a 
front-end hydraulic rotary mower fastened to the front (a).  In deeper water areas, 
mowing was conducting using a Marsh Master (Coast Machinery LLC, Baton Rouge, 
LA) with a hydraulic rotary motor.   
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FIG. S.2.3. Vegetation and soil sampling diagram for an individual 20m x 50m plot. 
Vegetation was sampled within 1m2 quadrats signified by blue boxes. Quadrats were 
evenly placed along transects with start points marked by orange triangles. Soil was 
sampled at the mid-point of transects, represented by green circles. 
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FIG. S.2.4. Litter depth following all treatments in summer 2013-2016. 
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NMDS methodology 
 
To prepare for our NMDS ordinations (Kruskal, 1964), we excluded species that occurred 
in fewer than 5% of quadrats from both ordinations to reduce the disproportionate 
influence of rare species (McCune,Grace, & Urban 2002). In both ordinations, we used 
the metaMDS function to transform the data with a Wisconsin-style double 
standardization and a square-root transformation, create a dissimilarity matrix using 
Bray-Curtis, run the NMDS with random starts to avoid local optima, and scale the 
results with centering, principal components rotation, and half-change scaling, so that the 
variance of points was maximized on the first axis (Oksanen et al. 2015).  We determined 
the appropriate number of dimensions by evaluating a scree-plot with 1-4 dimensions, 
looking for the fewest dimensions that resulted in a plot with stress < 20 following 
McCune, Grace & Urban’s (2002) threshold for usable results.  We set the maximum 
number of random starts for each run to 400.  For the second ordination, we used the 
envfit function to fit vectors for the environmental variables onto the ordination based on 
10,000 permutations.   
 
The NMDS ordination of the 2014-2016 herbicide, reference, and control plots had a 
stress value of 13.8 and a significant 3-dimensional solution (Figure 2.5; P<0.001, 
instability of 0.005 and 20 iterations).  The NMDS ordination of the 2016 herbicide 
treated plots had a stress value of 8.54 and a significant 3-dimensional solution (Figure 
2.6; P<0.001, instability of 0.006 and 20 iterations). 
 
NMDS citation 
Kruskal, J.B. (1964) Nonmetric multidimensional scaling: A numerical method. 
Psychometrika, 29, 115-129. 
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TABLE S.3.1. Phragmites cover effect sizes. Significance of terms are identified *** 
≤0.001, ** ≤0.01, * ≤0.05. 
 
  Small scale Large scale  
   95% CI   95% CI  
Treatment Year 
Effect 
size 
Lowe
r Upper 
Effect 
size 
Lowe
r 
Uppe
r QM 
Fall glyphosate 2013 -1.53*** -2.08 -0.98 
-
1.95*** -2.59 -1.31 0.95 
 2014 -0.75** -1.21 -0.29 -1.15* -2.08 -0.23 0.52 
 2015 -1.29*** -1.60 -0.97 -1.27* -2.22 -0.32 0.17 
 2016 -0.85* -1.54 -0.15 
-
0.73*** -1.07 -0.39 0.03 
Summer glyphosate 2013 -0.90* -1.68 -0.12 
-
1.94*** -2.68 -1.19 3.63 
 2014 -0.84* -1.48 -0.20 
-
1.33*** -1.70 -0.96 2.28 
 2015 -0.94* -1.68 -0.20 0.14 -0.47 0.74 4.85* 
 2016 -0.41** -0.71 -0.11 -0.07 -0.19 0.06 4.57* 
Summer imazapyr 2013 -2.18** -3.59 -0.78 
-
2.34*** -3.40 -1.29 0.05 
 2014 -1.60*** -2.44 -0.77 -2.00* -3.94 -0.05 0.03 
 2015 -1.91 -4.00 0.17 -0.18 -1.12 0.75 2.21 
 2016 -1.23 -2.52 0.06 -0.40 -0.98 0.19 1.23 
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TABLE S.3.2. Native emergent perennial cover effect sizes. Significance of terms are 
identified *** ≤0.001, ** ≤0.01, * ≤0.05. 
 
  Small scale Large scale  
   95% CI  95% CI  
Treatment Year 
Effect 
size 
Lowe
r Upper 
Effect 
size 
Lowe
r Upper QM 
Fall glyphosate 2013 2.23 -0.08 4.43 0.62 -0.67 1.92 1.34 
 2014 3.78** 1.20 6.46 4.29 -0.38 8.96 0.04 
 2015 6.97*** 3.64 10.30 3.87 -1.07 8.82 1.00 
 2016 4.67*** 2.13 7.20 4.37 -0.86 9.60 0.01 
Summer glyphosate 2013 1.54 -0.65 3.74 1.34 -0.46 3.14 0.02 
 2014 4.33 -0.58 9.24 2.29 -2.65 7.24 0.33 
 2015 7.02** 2.58 11.45 1.16 -2.75 5.07 3.79* 
 2016 3.59 -0.96 8.13 1.01 -3.28 5.29 0.66 
Summer imazapyr 2013 2.73 -0.71 6.18 2.29 -1.32 5.90 0.03 
 2014 5.14 -0.46 10.75 1.97 -3.82 7.75 0.60 
 2015 6.94** 2.17 11.70 2.92 -2.79 8.62 1.11 
 2016 5.11** 1.60 8.61 3.64 -1.67 8.96 0.19 
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TABLE S.3.3. Species richness effect sizes.  Significance of terms are identified *** 
≤0.001, ** ≤0.01, * ≤0.05.  Species richness was calculated at the plot level, which 
reduced sample size, making the Qm statistic unable to be calculated for this metric. 
  Small Scale Large Scale  
   95% CI   95% CI  
Treatment Year 
Effect 
size 
Lowe
r Upper 
Effect 
size 
Lowe
r Upper  
Fall Glyphosate, Winter 
Mow 2013 0.94** 0.38 1.51 0.62 -0.18 1.42  
 2014 1.07* 0.21 1.94 
1.05**
* 0.53 1.57  
 2015 2.04*** 1.49 2.58 1.06** 0.34 1.77  
 2016 1.63*** 0.94 2.32 1.09** 0.41 1.79  
Summer Glyphosate, 
Winter Mow 2013 0.97** 0.28 1.66 0.76* 0.03 1.50  
 2014 1.21* 0.28 2.14 0.94** 0.34 1.55  
 2015 2.06*** 1.46 2.65 0.97* 0.16 1.77  
 2016 1.42*** 0.64 2.20 0.77 -0.12 1.66  
Summer Imazapyr, 
Winter Mow 2013 0.83** 0.30 1.36 0.54 -0.23 1.30  
 2014 1.07* 0.24 1.91 
1.15**
* 0.55 1.74  
 2015 1.95*** 1.44 2.45 0.69 -0.14 1.52  
 2016 1.53*** 0.92 2.14 0.69 -0.14 1.53  
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TABLE S.3.4. Means plus standard errors of vegetation metrics in small and large 
Phragmites treatment plots.  Vegetation metrics were percent cover Phragmites, percent 
cover native perennials, species richness, and mean C. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Fall 
 glyphosate 
Summer 
glyphosate 
Summer 
 imazapyr 
 Small  Large Small Large Small Large Small Large 
% cover 
Phragmites 
81.2±4.3 66.2±18.3 18.6±4.4 15.9±4.9 33.9±13.5 62.3±9.4 29.9±10.7 52.2±17.4 
% cover 
native 
perennials 
0.8±0.8 1.1±1.1 21.6±12.3 2.5±2.2 9.9±5.3 0.34±0.2 19.1±15.9 1.7±1.5 
Species 
richness 
1.2±0.2 2±0.6 9.2±2.1 5.8±1.1 9.4±2.4 5.3±1.4 8.4±1.6 4±1.2 
Mean C 0.8±0.8 1.4±0.7 4.3±0.2 3.6±0.4 3.5±0.3 2.5±0.6 3.4±0.4 2.7±0.4 
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TABLE S.3.5. Pearson’s correlations between predictor variables.   
 Sca-
le 
H-
Seas 
H-
Typ 
PCA1
A 
PCA2
A 
PCA1
L 
PCA2
L 
SurVegNa
t 
Managemen
t 
        
H Season -
0.01 
 
      
H Type 0.00 0.50 
 
     
Abiotic         
PCA1_A -
0.81 
0.00 0.01 
 
    
PCA2_A 0.26 0.08 -
0.09 
0.00 
 
   
Landscape         
PCA1_L -
0.32 
-0.03 0.05 0.43 0.06 
 
  
PCA2_L 0.16 0.09 0.14 -0.10 0.02 0.00 
 
 
SurVegNat 0.66 -0.06 0.12 -0.71 -0.20 -0.29 0.29 
 
Emergent 
Marsh 
-
0.32 
0.08 0.04 0.31 -0.02 -0.11 -0.31 -0.25 
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TABLE S.3.6. Statistical significance of predictor variables selected from each variable 
set (scale, management, abiotic, and landscape) for plant community, species richness, 
mean C, Phragmites cover, and native perennials cover.  Open spots indicate that the 
variable was not selected to be included in the final model.   
 
Predictor Variable Plant 
community 
Species 
richness 
Mean C Phrag-
mites 
Native 
perennials 
Scale      
Spatial scale  #ns F1,25=19.
2 
P=0.004 
F1,25=20.
6 
P<0.001 
F1,25=2.6 
P=0.12 
F1,25=17.3 
P<0.001 
Management      
Herbicide season  #ns F1,25=0.4 
P=0.53 
F1,25=3.6 
P=0.07 
F1,25=6.9 
P=0.01 
F1,25=1.2 
P=0.28 
Herbicide type       
Abiotic Variables      
PC1 (hydrology) #ns F1,25=24.
0 
P<0.001 
F1,25=34.
9 
P<0.001 
F1,25=1.5 
P=0.23 
F1,25=36.4 
P=<0.001 
PC2 (nutrients)      
Landscape Variables      
PC1 (hydrologic 
disturbance) 
F=3.56 
P=0.002 
F1,23=12.
2 
P=0.002 
 F1,24=3.3 
P=0.08 
F1,24= 11.1 
P=0.002 
PC2 (developed 
disturbance) 
F=2.39 
P=0.018 
    
Proportion emergent 
marsh 
 F1,23=2.7 
P=0.11 
 F1,24=2.7 
P=0.11 
 
% cover surrounding 
natives  
F=3.34 
P=0.002 
F1,23=10.
7 
P=0.003 
F1,25=6.7 
P=0.02 
 F1,24=13.7 
P=0.001 
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FIG S.3.1. Logit transformed native perennials plotted against abiotic and landscape 
variables used in variation partitioning.  Abiotic and landscape variables are Abiotic 
PCA1, Landscape PCA1, and cover of surrounding native vegetation.  Red points 
represent data from small plots, blue dots represent data from large plots.     
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FIG. S.3.2. Logit transformed Phragmites cover plotted against abiotic and landscape 
variables used in variation partitioning.  Variables included Abiotic PCA1, Landscape 
PCA1, and proportion emergent marsh in landscape.  Red points represent data from 
small plots, blue dots represent data from large plots.  
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FIG. S.3.3. Species richness plotted against abiotic and landscape variables used in 
variation partitioning. Variables included Abiotic PCA1, Landscape PCA1, surrounding 
vegetation native perennials, and proportion emergent marsh in landscape.  Red points 
represent data from small plots, blue dots represent data from large plots.     
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FIG. S.3.4. Mean C plotted against abiotic and landscape variables used in variation 
partitioning.  Variables included Abiotic PCA1, surrounding vegetation native perennials.  
Red points represent data from small plots, blue dots represent data from large plots.     
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Table S.4.1. Species in the Phragmites seed bank in 2012, pre-treatment, averaged across 
each site.  Species shown are limited to only species that had >100 seeds per meter 
squared in at least one site.  Bolded species are native graminoids, the frequent target 
species for restoration. 
Species name BR FB HS IS TN TS 
Ambrosia 
artemisiifolia 
131 ± 119 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 
Atriplex spp. 60 ± 26 494 ± 163 887 ± 469 277 ± 
148 
191 ± 94 146 ± 88 
Berula erecta 0 ± 0 0 ± 0 0 ± 0 0 ± 0 997 ± 392 433 ± 259 
Bidens cernua 0 ± 0 0 ± 0 0 ± 0 0 ± 0 141 ± 76 589 ± 115 
Bolboschoenus 
maritimus 
1919 ± 
850 
786 ± 150 3914 ± 
1584 
811 ± 
811 
6383 ± 
2174 
1058 ± 305 
Chenopodium 
glaucum 
720 ± 212 539 ± 191 40 ± 26 5 ± 5 7476 ± 
4589 
45 ± 33 
Cyperus esculentus 0 ± 0 393 ± 224 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Distichlis spicata 1330 ± 
398 
10 ± 10 5 ± 5 539 ± 
281 
50 ± 35 0 ± 0 
Eleocharis palustris 388 ± 115 0 ± 0 0 ± 0 0 ± 0 458 ± 234 720 ± 346 
Epilobium ciliatum 277 ± 46 851 ± 276 237 ± 57 559 ± 
315 
3234 ± 
1466 
403 ± 44 
Hordeum jubatum 15 ± 10 1355 ± 
396 
0 ± 0 267 ± 
115 
20 ± 9 50 ± 26 
Juncus arcticus 474 ± 378 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Leptochloa fusca 0 ± 0 227 ± 135 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Lythrum salicaria 0 ± 0 0 ± 0 0 ± 0 0 ± 0 10 ± 10 332 ± 277 
Phragmites australis 5174 ± 
842 
7214 ± 
574 
8736 ± 
1108 
836 ± 
250 
3516 ± 
1452 
9284 ± 1739 
Polygonum 
lapathifolium 
0 ± 0 5 ± 5 0 ± 0 0 ± 0 141 ± 88 0 ± 0 
Polypogon 
monspeliensis 
181 ± 61 4373 ± 
1109 
141 ± 70 887 ± 
533 
9169 ± 
5174 
6705 ± 3899 
Puccinellia distans 242 ± 204 5 ± 5 5 ± 5 151 ± 
126 
1662 ± 857 348 ± 131 
Ranunculus 
cymbalaria 
5 ± 5 0 ± 0 0 ± 0 0 ± 0 5904 ± 
1609 
811 ± 463 
R. sceleratus 10 ± 10 0 ± 0 0 ± 0 0 ± 0 332 ± 207 766 ± 605 
Rumex maritimus 222 ± 88 776 ± 182 0 ± 0 60 ± 34 907 ± 520 5 ± 5  
Salicornia rubra 363 ± 145 86 ± 27 156 ± 108 76 ± 69 186 ± 142 25 ± 20 
Schoenoplectus 
acutus 
902 ± 435 5 ± 5 0 ± 0 0 ± 0 25 ± 20 10 ± 6 
S. americanus 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1602 ± 438 372 ± 204 
Spergularia salina 45 ± 23 5 ± 5 0 ± 0 10 ± 6 106 ± 106 10 ± 10 
Suada calceoformis 0 ± 0 5 ± 5 1904 ± 
333 
25 ± 14 111 ± 75 0 ± 0 
Symphyotrichum 
ciliatum 
348 ± 158 106 ± 51 428 ± 350 0 ± 0 71 ± 34 151 ± 111 
Typha spp. 7642 ± 
1249 
5516 ± 
1419 
3320 ± 
629 
65 ± 36 13209 ± 
4360 
58640 ± 13778 
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Table S.4.1 (cont.) 
Veronica anagalis-
arvense 
0 ± 0 0 ± 0 0 ± 0 0 ± 0 1249 ± 678 146 ± 146 
 
 
 
Table S.4.2. Environmental variables averaged across each site.  Environmental variables 
important for seed bank composition included salinity (dS/m), phosphorus (mg/kg), total 
nitrogen (mg/kg), surrounding native perennial vegetation (% cover), moisture (% dry 
weight), organic horizon (cm), elevation (m above sea level). 
 BR FB HS IS TN TS 
Salinity 
 
9.5±0.9 11.2±3.9 20.4±4.2 6.4±1.6 4.1±1.0 6.6±1.6 
Phosphorus 
 
21.1±2.9 68.2±14.1 77.7±16.5 70.1±1.6 31.1±4.7 28.2±2.5 
Total N 
 
1387±322 2949±793 2482±351 1145±93 1127±115 1172±192 
Surrounding
Veg 
48.2±0.7 6.2±3.8 0±0 36.5±4.8 20.2±5.1 47.1±3.6 
Moisture 
 
49.7±1.3 83.8±11.2 84.7±6.9 41.9±4.5 46.4±1.9 50.8±2.3 
O Horizon 
 
3.9±0.8 2.1±0.8 7±0.5 2.2±0.4 7±0.7 8.5±0.7 
Elevation 1282.9±0.
02 
1282.6±0.
04 
1281.7±0.
03 
1283.3±0.
02 
1282.9±0.
07 
1282.3±0.
05 
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Figure S.4.1.  Total seed density in the seed bank during the five-year experiment.  2012 
samples were collected in the spring, before the initial Phragmites management 
treatments were conducted.  Follow-up herbicide treatments were conducted in 2013 and 
2014.   
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Figure S.4.2. Native annual (A), native forb (B), and native graminoid (C) seed density 
in the seed bank during the five-year experiment.  2012 samples were collected in the 
spring, before the initial Phragmites management treatments were conducted.  Follow-up 
herbicide treatments were conducted in 2013 and 2014.   
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Figure S.4.3.  Trajectories of the centroids of seed bank communities from 2012, 2013, 
2014 and 2016 following Phragmites management treatments.  Stars are adjacent to the 
centroid of each treatment in 2016, the final monitoring year.  Treatments are CONT: 
Untreated control; FGWM: Fall glyphosate spray, winter mow; SMBP: Summer mow, 
black plastic; SGWM: Summer glyphosate spray, winter mow; SIWM: Summer 
imazapyr spray, winter mow; SMFG: Summer mow, fall glyphosate spray.  Stress=0.16 
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wetlands. Great Salt Lake Issues Forum, Salt Lake City, UT. 
Rohal, C.B., C. Cranney, L. Long, K.M. Kettenring, and E.L.G. Hazelton. 2014. 
Strategic management and effective control of invasive Phragmites in Great Salt Lake 
wetlands. Utah Weed Control Association Conference, St. George, UT. 
Kettenring, K.M., A.L. Long, C.B. Rohal, C. Cranney, E.L.G. Hazelton, and K.E. Mock. 
2014. Restoration of Phragmites-dominated wetlands of the Great Salt Lake. Joint 
Aquatic Sciences Meeting, Portland, OR.  
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2013. Controlling Phragmites 
australis in Great Salt Lake wetlands. EPA Region 8 wetland workshop, Salt Lake 
City, UT. 
Kettenring, K.M., M. McKee, B. Zaman, C. Cranney, C.B. Rohal, E.L.G. Hazelton, and 
K.E. Mock. 2013. Deciphering and managing the invasion of Phragmites in Great Salt 
Lake wetlands. Universities Council on Water Resources, Lake Tahoe, CA.  
Kettenring, K.M., C. Cranney, A.L. Long, C.B. Rohal, A.C. Sweetman, E.L.G. Hazelton, 
and K.E. Mock. 2013. Reciprocal relationships between science and restoration: 
Phragmites australis invasion mechanisms, control, and post-control revegetation. 
Society of Wetland Scientists, Duluth, MN.  
Kettenring, K.M., C. Cranney, A.L. Long, C.B. Rohal, J. Marty, E.L.G. Hazelton, and 
K.E. Mock. 2013. Reciprocal relationships between ecology and restoration: 
Phragmites australis invasion mechanisms, control, and post-control revegetation. 
“Ignite Session” at the Ecological Society of America, Minneapolis, MN.  
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POSTER PRESENTATIONS:  
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2016. Control of small, dense 
Phragmites australis patches in Great Salt Lake wetlands. Spring Runoff Conference, 
Logan, UT. Award for student poster.  
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2015. Control of small, dense 
Phragmites australis patches in Great Salt Lake wetlands. Spring Runoff Conference, 
Logan, UT. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2014. Effective control of small, 
dense Phragmites australis patches in Great Salt Lake wetlands. Joint Aquatic 
Sciences Meeting, Portland, OR. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2014. Control of small, dense 
Phragmites australis patches in Great Salt Lake wetlands. Spring Runoff Conference, 
Logan, UT. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2013. Control of small, dense 
patches of Phragmites australis in Great Salt Lake wetlands. Annual Utah Cooperative 
Research Unit Meeting, Logan, UT. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2013. Controlling Phragmites 
australis in Great Salt Lake wetlands. Region8 Wetland Capacity Building Workshop, 
Salt Lake City, UT 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2013. Controlling Phragmites 
australis in Great Salt Lake wetlands. 5th World Conference on Ecological 
Restoration, Madison, WI. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2013. Controlling Phragmites 
australis in Great Salt Lake wetlands. Spring Runoff Conference, Logan, UT. 
Rohal, C.B., K.M. Kettenring, and E.L.G. Hazelton. 2012. What are effective treatments 
for controlling small, dense patches of Phragmites australis in Great Salt Lake wetlands? 
Aquatic Plant Management Society meeting, Salt Lake City, UT. Award for 2nd place 
student poster. 
 
AWARDS & HONORS:   
2018 Quinney College of Natural Resources Doctoral Student Researcher of the Year 
USU Graduate Enhancement Award, 2018      $4,000 
John Kadlec Scholarship, 2016       $1,000 
USU Graduate Enhancement Award, 2016      $4,000 
SWS Rocky Mountain Chapter Research Grant, 2016       $500 
SWS Student Research Grant, 2016       $1,000 
Ecology Center Student Research Award, 2016     $5,000 
Ducks Unlimited Bonnycastle Fellowship, 2016 (renewable for 2 years)            $12,000 
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The Wetland Foundation Field Travel Award, 2016         $800 
Ecology Center Student Research Award, 2015      $2,000 
Ecology Center Student Research Award, 2014      $1,500 
Friends of Great Salt Lake Doyle Stephens Scholarship, 2014    $1,000 
Lawrence W. Muszynski Memorial Scholarship, 2013        $350 
Aquatic Plant Management Society 2nd place Poster Award, 2012       $200 
Explorers Club Youth Activity Fund, 2008       $1,500 
 
PROFESSIONAL SERVICE & MEMBERSHIPS:  
USU Ecology Center Seminar Series Committee 2016-2017 
Department of Watershed Sciences limnology faculty search committee member 2016 
Ecological Society of America Member 
Society for Wetland Scientists Member  
Society for Ecological Restoration Member 
Reviewer for Western North American Naturalist 
 
OUTREACH:  
Presentations: 
Association of State Wetland Managers Webinar, 2018 
Ducks Unlimited Canada Research Roundup Webinar, 2018 
North Carolina Coastal Federation Phragmites meeting, 2017 
Great Salt Lake Tech Team, 2017 
Great Lakes Phragmites Collaborative Webinar, 2016 
Department of Natural Resources Wrap-Up, 2015 
Friends of the Great Salt Lake Doyle Stevens Award Ceremony, 2015 
Department of Natural Resources Wrap-Up, 2014 
Bear River Migratory Bird Refuge Meeting, 2013 
Phragmites Working Group Meeting, 2013 
Department of Natural Resources Wrap-Up, 2013 
Utah Wetlands Foundation, 2013 
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Teaching: 
WATS 6310 Wetland Ecology Guest Lecture, 2015 
PSC 4500 Soil Reclamation Guest Lecture, 2015 
USU’s Science Unwrapped Educational Outreach, 2015 
WATS 6260 Induction Course Guest Lecture, 2014 
Great Salt Lake Institute Summer Camp Field Trip Leader, 2012 
WATS 1200 Biodiversity and Sustainability Guest Lecture, 2012 
Wetland Ecology Lab Guide to visiting prospective students, 2012-2014 
Mentorship: 
David England, USU Undergraduate Quantitative Project 
Carly Jugler, USU Undergraduate Quantitative Project 
 Helped students with study design, data collection, data analysis and 
interpretation.  Their data will be incorporated in published articles. 
Mentored USU undergraduates Konnon Smith, Maggie Hallerud, Evan Poole, Brittany 
Duncan, Clayton Winter with data collection and data interpretation  
Hosting Visiting Scientists: 
Hosted USU visiting scientists Sam Karathanos (Université de Montréal), Dr. Andrew 
Rayburn (Science for River Partners), Katharina Kleiss (University of Hamburg), 
Megan Stewart (Penn State University), Dr. Laurie Alexander (US EPA), Dr. 
Laura Reynolds (University of Florida), Dr. Nicole Barger (University of 
Colorado, Boulder), and Dr. Thomas Dietz (Michigan State University). 
 Hosted for dinners, campus tours, field trips, and/or data collection opportunities 
Media outreach: 
Featured in “How to fight an oasis invasion: Battling a nonnative reed to protect vital 
Great Salt Lake bird habitat.” In High Country News 3/20/2017 
 
PROFESSIONAL EXPERIENCE: 
Graduate Research Assistant, Utah State University, Logan UT 2012-2018 
Ecological Restoration Intern, Parks Conservancy, San Francisco, CA 2010-2012 
Native Plant Corp Intern, Student Conservation Association, Grand      
Canyon, AZ  
 
2010 
Conservation and Resource Management Intern, Student Conservation 
Association, Jacksonville, FL 
 
2009-2010 
Undergraduate Research Assistant, New College of Florida, Sarasota,FL 2007-2008 
 
